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Abstract 
The current thrust towards the compaction of electrical power equipment, resulting in 
increased insulation electrical stress levels, necessitates new electrical insulating materials. 
In the last few decades, polymeric materials that exhibit light weight, excellent mechanical 
properties, low cost, and some with unique non-wetting surface characteristics, have 
surpassed the use of the conventional porcelain and glass insulating materials. Despite these 
advantages, polymeric materials are incapable of withstanding the high heat from surface 
arcing that is instigated by the synergism of pollution, moisture, and voltage. Surface arcing 
results in material loss due to heat ablation and/or the electrical tracking of polymeric 
materials. To overcome such issues, inorganic fillers are added to the base polymers to 
enhance their resistance to surface discharge activities and other performances. Since their 
addition can significantly reduce material costs, their use is compelling.  
Micron-sized fillers, here after defined as microfillers, have been used to acquire these 
desirable properties, but due to limitations in material processability, the further application 
of such fillers is limited. Consequently, nano-sized fillers, here after defined as nanofillers, 
have been viewed as replacements or assistant combinations to microfillers. Nanofillers are 
characterized by large surface areas, resulting in increased bond strengths that yield 
significant improvements in the various properties at fill levels well below that of 
microfillers. However, the primary problem of using nanofillers is their characteristic 
property of agglomeration due to their physical size and the forces between the fillers. 
Conventional mechanical mixing of nanofillers does not adequately separate the nanofillers, 
leading to behaviour similarly to that of microfillers. Therefore, the implementation of 
nanofillers is not completely effective. In chemical dispersion techniques, for example, the 
use of surfactants, are normally very elaborate and complicated. Due to the negative impact 
of agglomeration, the successful dispersion of nanofillers is pivotal in the further 
development of nanodielectrics for various insulation applications.  
In this thesis, electrospinning is proposed and realized as a new dispersal method for 
nanofillers in polymeric materials. This novel technique facilitates polymeric 
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nanocomposites with improved properties due to the uniform distribution of fillers. 
Scanning electron microscopy (SEM) images and energy dispersive X-ray analysis (EDX) 
clearly indicate that electrospun nanocomposites demonstrate a better filler distribution than 
nanocomposites, produced by conventional mechanical mixing. Also electrospinning 
introduces the possibility of separating different nanofillers in different base polymers. 
The mechanical properties: tensile strength and hardness; the electrical properties: 
permittivity, tracking, and erosion resistance; and the thermal properties: thermal 
conductivity, thermal degradation, and heat erosion resistance of electrospun 
nanocomposites are compared to those of conventional nanocomposites for silicone rubber 
and cycloaliphatic epoxy-based polymers. All the experimental studies in this thesis confirm 
that electrospun nanocomposites exhibit better thermal performances than the conventional 
composites which are attributed to the improved distribution of the nanofillers by the newly 
developed electrospinning process. 
Also in this investigation, a two-dimensional thermal model is developed in COMSOL 
Multiphysics
TM
 by using the finite element method (FEM) to theoretically address the 
benefits of using nanofillers and the effects of filler dispersion. The model confirms that 
electrospun nanocomposites have much more uniform temperature distribution than 
conventional nanocomposites.   
This thesis presents the possible mechanisms by which nanofillers improve the heat 
and erosion resistance of silicone rubber nanocomposites, and also addresses the possible 
mechanism by which electrospinning improves nanofiller dispersion. 
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Chapter 1  
Introduction 
1.1 Polymeric Materials in Insulation Applications 
For many years, solid electrical insulating materials were mainly composed of 
glass and ceramic materials. These materials, exhibited stable properties resisting UV 
light, surface electrical activity, and exhibited sufficient mechanical strength for 
supporting transmission lines, and cable termination bushings. However, the materials’ 
heavy weight, brittle nature, and easy wettable surface are the main weaknesses of 
porcelain or glass materials for insulation applications. For the last several decades, 
polymeric materials with their lighter weight, excellent mechanical flexibility and better 
surface characteristics have gradually replaced previous conventional materials in 
electrical applications. Commonly used polymeric materials in insulation applications 
include epoxy resins, silicone rubber, ethylene propylene monomer (EPDM), polyimide, 
polyethylene (XLPE), ethylene-vinyl acetate (EVA) copolymer, polypropylene, and 
polystyrene [1-9].  
Epoxy resins are typically used in indoor and sealed applications, but they also 
perform well in contaminated outdoor environments [10-11]. Epoxy resins are castable 
and impregnable, in addition, they are suitable, because of their versatility, low 
shrinkage, chemical resistance, high thermal stability and outstanding adhesion [12-13]. 
Therefore, these epoxy resins can be used as coatings for metal components, bushings, 
cable terminations, various post and support insulators, or encapsulation of electrical 
components. 
Silicone rubbers are used extensively in a variety of electrical insulation 
applications such as insulators and bushing coatings owing to their excellent dielectric 
properties [14-15]. They are characterized by high thermal stability, stable performance 
under a wide temperature range, and excellent resistance to corona, ozone and 
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weathering. The most important features of silicone rubbers are their hydrophobicity 
characteristic and their ability of recovering from a temporary loss of hydrophobicity. 
The synergism of electrical activities, pollution, temperature, weathering and moisture 
results in the loss of hydrophobicity of most polymeric insulating materials, thereby 
leading to the final failure of the insulation. However, silicone rubber materials can 
keep their hydrophobicity even after long-term outdoor use, and they are able to recover 
the hydrophobicity after few hours under a normal environment through the diffusion of 
low molecular weight from the bulk material to the surface [16]. 
There are three types of silicone rubber compounds: high temperature 
vulcanization (HTV) silicone rubber, room temperature vulcanization (RTV) silicone 
rubber, liquid silicone rubber (LSR). RTV rubbers can be one-part or two part addition 
cure silicone rubbers. Two-part RTV silicone rubber not only has almost the same 
outstanding properties as regular HTV silicone rubber but also has longer shelf-life and 
controllable curing speed. Therefore, two-part RTV silicone rubber is chosen as the 
main polymer in this study. 
1.2 Introduction to Nanofillers 
(a) Advantages of Nanofillers 
Although polymeric materials have many excellent properties, most polymers are 
thermally poor conductors and mechanically weak materials. The miniaturization of 
electronic devices and the increasing power level and continuing compaction of 
electrical power equipment have created new challenges in insulating materials. The 
current need is to develop advanced materials with excellent properties including high 
thermal conductivity, low coefficient of thermal expansion, variable dielectric constant , 
high electrical resistivity, high breakdown strength, high tensile strength and, most 
importantly low cost. Increasing demands for special materials have led to the 
development of polymeric composites, since polymeric materials are easy to process, 
allowing the valuable properties of different types of materials to be combined.  
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Inorganic fillers such as silica, alumina, barium titanate, and titania (titanium 
dioxide) have been largely used to impart resistance to the effects of various stresses 
from environmental, electrical, thermal, and mechanical aspects such as UV light, 
moisture, dry band arcing, partial discharge, and cyclic loads [17]. The physical 
properties of a composite consisting of fillers of one material embedded in a polymer 
matrix is a function of the physical properties of the constituents, the loading level, the 
shape and size, and the dispersion, as well as the interfacial properties between the 
fillers and matrices. Different composites for a wide range of applications have been 
developed by using microfillers, and extensive research into the effects of microfillers 
on composites has been reported [18-28]. However, due to the processing limitation, it 
has appeared that further improvements to the physical properties of composites may 
not be feasible.  
On the other hand, nanocomposites, consisting of nanofillers embedded in a 
polymer matrix, have attracted a great deal of attention due to their unique properties. 
Nanofillers are defined as structures that are less than 0.1 μm in any one dimension. 
These fillers can be in the form of spheres, platelets, fibres and mixtures of various 
materials. Compared to microfillers, nanofillers provide similar properties to those of 
microfillers at a considerably lower volume fraction, but also enhance properties in a 
complex and often non-intuitive way [18]. Large interfacial phases between nanofillers 
and base polymers significantly impact the properties of bulk materials [29-30], and 
they are critical in determining the properties of composites. Nanofillers have a large 
surface area-to-volume ratio, compared to microfillers, at the same filler loading; and 
this ratio increases with decreasing nanofiller size. The large surface area provides 
many regions for the base polymers to strongly bond to the nanofiller [31] augmenting 
mechanical strength of the base polymers, and possibly the thermal and electrical 
properties as well. With the significant advantages and unique impact on the electrical 
insulation, nanocomposites have attracted more and more attention than the extensively 
studied conventional microfiller-filled materials.  
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There are many possible applications of nanocomposites in electrical engineering 
field such as insulators, bushings, cable terminations, and bus bar insulation. Any 
improvements in erosion resistance, thermal stability and thermal conductivity, tensile 
strength, elongation at break, hardness, surface hydrophobicity, dielectric strength are 
crucial for insulation applications. Most high voltage apparatus and electrical 
components must exhibit excellent insulating properties. The development of composite 
materials that filled with nanofillers holds the promise of further improving the 
electrical insulation grade and the development of nanocomposites also can lead to a 
longer lifetime of the electrical components and a significant savings for the 
manufacturing and maintenance.  
(b) Problems of Using Nanofillers 
The properties of nanocomposites have demonstrated much better results than 
composites filled with microfillers in terms of their thermal, electrical, and mechanical 
properties [32-35]. The principal barrier in achieving uniform nanocomposites is filler 
agglomeration. Agglomeration occurs as a result of nanofiller small size and the strong 
forces between the filler particles. Moreover, agglomeration is also one of the primary 
reasons for contradictory results regarding the physical properties prevalent in the 
literature. This inconsistency has also hindered the potential improvement of the 
physical properties of nanocomposites. The object of this thesis is to study the 
properties of nanocomposites used for insulation application prepared by a new filler 
dispersion method and investigate the effects of the filler dispersion on the 
performances of the developed nanocomposites. 
Since the year 2000, many polymer nanocomposites have been prepared and 
numerous papers have been published on the performances of different nanofillers. It is 
necessary to obtain a general idea on properties of different nanofillers before using 
them. This is the subject of the next section. 
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1.3 Literature Review 
1.3.1 Performance of Various Nanofillers  
Recent developments in nanofillers’ synthesis and their availability have promoted 
nanocomposite research. Numerous nanofillers have been embedded into various base 
polymers to achieve nanocomposites with improved thermal, mechanical, and electrical 
properties. A review of the literature, related to the various performances of nanofillers 
in polymeric materials, is given in this section. 
(a) Thermal Properties 
Lan et al. [36] studied nano-silica-x and nano-layered silicate added to room 
temperature vulcanizing (RTV) silicone rubber. It is reported that both nanocomposites 
exhibited better corona resistance than the neat RTV material. In other work, EI-Hag et 
al. [37] compared the erosion resistances of RTV silicone rubber filled with nanosilica 
or microsilica. It is confirmed that the eroded mass decreases with increasing the filler 
concentration in the composites. A nano composite of 10 wt% nanosilica performs in a 
similar way to a composite of 50 wt% microsilica in terms of eroded mass after the 
inclined plate tracking and erosion test. However, the transmission electron microscope 
(TEM) image of the composite with 10 wt% nanosilica indicates that the fillers are not 
well dispersed in the silicone rubber matrix, and that the size of nanosilica 
agglomerations even approaches micron size range. Nevertheless, there is no significant 
difference in the thermal conductivity between the unfilled silicone rubber and the 
silicone rubber composites filled with 10 wt% nanosilica. The authors concluded that 
thermal conductivity has little effect on the improvement of the nanocomposite erosion 
resistance for the chosen range of filler concentrations. On the contrary, Meyer et al. 
[38] and Rätzke et al. [39] reported that the thermal conductivity of composites 
increases with the increasing filler concentration. The erosion resistances of the silicone 
composites indicate a positive correlation with the thermal conductivity. However, the 
concentrations of the fillers in their research are very high. For instance, Rätzke et al. 
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mentioned that their samples can contain 40 wt% nanosilica and that only at this high 
concentration, is the resistance to the arcing distinct. Usually nanofillers are more 
difficult to mix into base polymers at high concentrations to get uniform dispersions. As 
mentioned in [39] that even adding four weight percent of nanofiller, primary particles 
cannot be split up (sheared) at the dispersion process and aggregates are formed. But 
micron particles are obviously larger and do not form aggregates or agglomerates. 
Hence, it is expected nanosize filler behaves generally as microfiller. Unfortunately the 
contrast of the TEM pictures at higher filler concentrations is insufficient, so we cannot 
infer as to the quality of the dispersion of the nanofillers at such high concentrations.  
Boron nitride is a ceramic dielectric material with a high thermal conductivity. 
Kochetov et al. [40] used both nano and micro boron nitride to improve the thermal 
conductivity of epoxy. The boron nitride filler loading of 10 wt% enhanced the thermal 
conductivity of the composites by 39-57% compared to that of neat epoxy. Among four 
different boron nitride composites filled with different diameters of fillers (70 nm, 500 
nm, 1.5 μm and 5 μm), the 500 nm boron nitride-filled samples had a highest thermal 
conductivity and after modification by a silane coupling agent, the thermal conductivity 
of 500 nm boron nitride- filled composites increased by 7 %. 
In [36], thermogravimetric (TGA) tests confirm that the thermal stabilities of both 
nanocomposites are higher than those of neat RTV silicone rubber. Frormann et al. [41] 
employed a high shear force mixer to disperse and distribute platelet carbon nanofibres 
in polypropylene. TGA analysis indicates thermal stability enhancement due to the 
presence of CNTs in the polypropylene. By using TGA, Zhang et al. [42] and Zhou et al. 
[43] also confirmed the improvement of the thermal stability of polyimide by the 
addition of nanosilica and nanoalumina. But in [37] TGA reflects that there is no 
significant reinforcement in the stability of the chemical bonding for the 10 wt% 
nanosilica samples, as compared to the 10 wt% microsilica samples when nanofillers 
are not well dispersed.  
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(b) Mechanical Properties                    
Typically, pure silicone rubber, without any filler, is very soft. To improve the 
mechanical properties of the silicone rubber, Koo et al. [31] added micron and nano 
silica, thereby increasing the mechanical strength and toughness. The thermal and 
mechanical properties of the polyimide nanocomposites were also tested by Irwin et al. 
[44]. The nanocomposites exhibit a significant increase in the ratio of elongation to 
failure, scratch hardness, and thermal conductivity compared to the unfilled or 
micro-filled samples. 
 Guo et al. [45] incorporated nano copper oxide into the virgin vinyl-ester. A 
considerable enhancement in the thermal stability and reinforcement in mechanical 
properties occurs after nano copper oxide is modified by a bi-functional coupling agent, 
methacryloxy-propyltrimethoxysilane. These improvements are attributed to the good 
filler dispersion in the polymer matrix, introducing a strong chemical bonding between 
the nanofillers and the base polymer. Compared with pure resin the tensile moduli 
increase by about 6 % and 15 % with the functionalized nanofiller loading of 3 wt% and 
10 wt%, respectively. Similar results are reported for the as-received nanofiller filled 
composites. Compared with pure resin, there is a decrease in the tensile strength for the 
composites filled with as-received nanofillers. However, increases of about 8% and 50% 
in the tensile strength are evident, respectively, for the composites filled with 3 wt% 
and 10 wt% functionalized nanofillers.  
Zhang et al. in [46] demonstrated that nano magnesium hydroxide (Mg (OH)2), an 
inorganic flame retardant, can reinforce the mechanical properties and improve the fire 
resistance of rubber composites. Ethylene-propylene-diene monomer rubber (EPDM), 
filled with nano Mg (OH2) have far stronger mechanical properties than those using 
micron size fillers. The fire resistance of nano Mg (OH2) filled rubber also exceeds that 
of micro Mg (OH2) filled rubbers. The improved dispersion of the nanofillers reinforces 
fire resistance and the mechanical properties of composites. The material behaviour is 
influenced significantly by the filler content as well.  
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Beatty et al.[47] found that, compared with 50 nm unagglomerated silica fillers, 20 
nm agglomerated fillers produce resin composites with a higher surface hardness, 
further improved three-body abrasion resistance, increased water-uptake, and greater 
resistance to toothbrush wear.  
Weymans et al. [48] investigated the influence of nano clay and carbon blacks on 
the mechanical properties of styrene-butadiene rubber (SBR), a prominent tire rubber. 
The authors also reported that the elongation at break and tensile strength depend on the 
type and concentration of the fillers. Only when the rubbers are reinforced by suitable 
fillers, the demands of exacting mechanical properties are satisfied. When the addition 
of fillers is increased, the crosslink density is increased; thus, mechanical properties 
such as elongation and stress-strain are reinforced by bonding the filler to the polymer. 
However, when the filler concentration is elevated, it is difficult for the nanofillers to 
disperse homogeneously in the polymer matrix. Consequently, the tensile strength and 
elongation at break are impaired, worse than that of unfilled SBR. Also, Alfred et al. 
[49] noted that the nanofillers with a length of 0.1-100 nm approached the length scale 
of a polymer chain. The crosslinking of polymer chains forms polymer networks. Hence, 
the addition of nanofillers influences the structure of the local network and crosslinking 
reactions. The presence of the nanofillers leads to a secondary network due to the 
adhesion of the polymer to the filler surface. The secondary network dominates the 
mechanical properties, at forming severe deformations. The particular synergy of 
polymer chains and nanofillers give rise to optimal control of the mechanical properties. 
As a result, the transfer of stress between the composite components is enhanced.   
Mechanical tests of nano calcium carbonate (CaCO3) filled poly 
(methylmethacrylate) (PMMA) showed that both unmodified and modified nano 
CaCO3 are responsible for the increased Young’s Modulus, reinforced abrasion 
resistance, and wear mechanism [50]. However, the PMMA with well-dispersed nano 
CaCO3 does not change the impact strength. In contrast, the performances of the 
unmodified nano CaCO3 are strongly deteriorated, compared with that of the unfilled 
PMMA.  
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Carbon nanotubes (CNTs) are considered as the ultimate carbon fibre, since they 
have large aspects ratios, high thermal conductivity, and high break strength. The 
significant toughening of polymer composites with CNTs has been reported [51-52]. In 
randomly distributed 1 % by weight multiwall carbon nanotubes (MCNTs) of 
polyethylene film, the strain energy density increased by 150 % and ductility by 140 % 
[53]. Nanofillers can provide resistance to degradation [54] and improvement in the 
thermal and mechanical properties without causing a reduction in the dielectric strength 
[55]. 
(c) Electrical Properties      
Polymer nanocomposites also exhibit enhanced dielectric strength and voltage 
endurance compared to pure base polymer and microfilled composites [56]. Kozako et 
al. [57] demonstrated that composites, mixed with smaller size fillers presents a 
superior partial discharge resistance than that of composites with larger size fillers. 
Nelson et al. [58] pointed out that nano titanium dioxide (TiO2) in epoxy resin can 
mitigate the interfacial polarization characteristics of a base polymer with a reduction in 
the internal field accumulations. The enhanced electric strength and reduced space 
charges are recorded for by nano TiO2 filled epoxy resin instead of micro TiO2 filled 
epoxy composites [59]. The optimum loading of nano TiO2 is about 10 % by weight. 
Nelson et al. [60] indicated that the voltage endurance of the epoxy composite enhanced 
by nano TiO2 is orders of magnitude greater than that of the pure epoxy and 
micro-filled epoxy composite. Alapati et al. [61] showed that the addition of nano 
alumina to the epoxy mitigates the electrical tree initiation and propagation even with a 
small amount of nanofillers. 
Capacitors with a higher energy and power density are required for many 
applications, such as compensation systems or electric cars. The energy density is 
proportional to the relative permittivity of the capacitor dielectrics. Hence, some high 
permittivity nanofillers such as barium titanate with a permittivity of more than 1200 
are often added to polymers to attain higher energy density capacitors, or electric stress 
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grading materials [62-65]. However, the increase of the effective permittivity of the 
nanocomposites is significantly affected by the permittivity of the base polymers [66]. 
Singha et al. [67] also demonstrated when a low percentage of nanofillers (titanium 
oxide TiO2, zinc oxide ZnO, and alumina Al2O3) were added to pure epoxy respectively. 
The permittivity of the TiO2 filled sample is reported as less than that of unfilled epoxy, 
when the filler concentration is lower than 0.5 wt%. Subsequently, the permittivity of 
epoxy composites increases with the increasing filler percentage. Similar tendencies are 
also observed for nano ZnO-filled composites. However, the distinct change 
concentration of nano ZnO is 1 wt%, indicating different distinct change concentrations 
for different nanofillers. Below the threshold, the permittivity of nanocomposites can be 
less than that of the unfilled polymer matrix. The dielectric loss of nanocomposites is 
less than that of the unfilled epoxy at lower filler concentrations. However, at higher 
filler concentrations, the dielectric loss increases compared to that of pure epoxy. The 
micro TiO2-filled samples display a higher permittivity than that of the TiO2 
nanocomposites at the same filler concentration. However, the composites, filled with 
microfillers, consistently exhibit a higher dielectric loss than the unfilled epoxy. It is 
suggested that the size and concentration of the nanofillers have significant effects on 
the properties of nanocomposites. 
Based on the extensive research, the use of nanofillers for polymers is well 
reported. Nanofillers are usually employed to improve one of the material properties for 
a particular application, and the addition of nanofillers can reduce the total cost of the 
composites as well, because the price per unit polymer is typically higher than that of 
fillers [68]. According to the literature the positive effects of these fillers can be 
summarized as follows. 
From the thermal perspective, once the thermal conductivity of the compositions 
increases, heat is dissipated quickly and average local heating is reduced. Furthermore, 
the interaction between the fillers and polymer matrix greatly improves the thermal 
stability and thermal degradation of compositions. The addition of inorganic nanofillers 
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reduces the portion of the organic polymer materials, exposing themselves to the heat of 
electrical activity and interrupting the carbonization of the surfaces. 
Secondly, from the mechanical perspective, most of the polymers are not 
mechanically strong. It has been reported that the addition of inorganic fillers can 
increase such properties as the hardness, tensile strength, and elongation at break of 
base polymers. 
Lastly, from the electrical viewpoint, the addition of the appropriate nanofillers 
can reduce the accumulation of space charges and increase the dielectric strength, 
voltage endurance, and partial discharge resistance of composites. Composites with an 
adjusted permittivity (low or high permittivity), by adding either a different filler or 
different loadings of fillers, can be obtained for various applications. Furthermore, the 
increased interfacial regions between the nanofillers and dielectric materials increase 
the discharge resistances as well. However, the achievement of these positive effects for 
a given formula depends on various factors such as filler type, filler size, filler loading, 
and filler dispersion. 
1.3.2 Filler Dispersion  
Ideal nanocomposites must be free of any agglomerates, contain the optimum filler 
content, and maintain physicochemical characteristics of their individual components. 
Although many other parameters influence the properties of nanocomposites, the 
improper dispersion of nanofillers is often cited as a process limitation, and a key 
diminishing factor in the improvement of composite properties [69-74].  
Achieving a uniform dispersion of fillers is difficult, since nanofillers are highly 
prone to agglomerate. Nano-scale materials have very large specific surfaces which are 
inversely proportional to the diameters of the nanofillers. If the specific surfaces 
increase with the decreased filler diameter, the atom content at the surface of the 
material becomes significant. When the filler diameter decreases to less than 1nm, the 
ratio of the surface atoms over the total bulk atoms can exceed 90 %. These surface 
atoms are in a highly activated state which leads to the lack of a coordination number 
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and a high surface energy of the nanofillers. Consequently, under the strong influence 
of this surface effect, nanofillers tend to agglomerate to reach a steady state [75]. Van 
der Waals force is also inversely proportional to the diameters of nanofillers, and hence 
there is a stronger Van der Waals force between the nanofillers than microfillers [76]. 
There are numerous hydroxyl groups (-OH) on the surface of nanofillers [77-78]; these 
groups have a very strong tendency to form hydrogen bonds with each other. Therefore, 
all of these factors, including the surface effect of the nanofillers, Van der Waals force, 
the electrostatic interactions between the molecules and fillers, and hydroxyl groups on 
the surface of the nanofillers cause nanofillers to easily coagulate. If the nanofillers 
cannot be separated and dispersed homogeneously in the polymer matrices, not only 
can the desired properties of the nanocomposites be unattainable, but also the properties 
of the composite may be worse than the original properties of the polymers sometimes. 
There are several mixing techniques to improve filler dispersion. They can be 
classified as physical and chemical methods. They are discussed in the next section. 
(a) Physical Dispersion Methods  
The physical methods for dispersing fillers include conventional mechanical 
mixing and ultrasonic agitation. Mechanical mixing is achieved by using shear force to 
activate the filler surface, changing the external crystal structure and physicochemical 
properties. In the ultrasonic agitation, the vibrations release trapped gases, preventing 
the formation of voids in the composites. The advantage of physical methods is that no 
extra additives are required.  
Typically, simple mechanical mixing is not normally enough in homogeneously 
dispersing nanofillers. Such a method breaks up some large filler coagulations (larger 
than 1μm) in a short time by mixing, but after that, the filler dispersion cannot be 
further improved even with prolonged mixing. Another drawback of physical mixing is 
its inherent limitation, that is, the possible degradation of the base polymers due to 
shear heating, especially when the mixing time is long. For ultrasonic agitation, a 
lengthy period of vibration may result in filler agglomerations again due to the 
formation of high active sites on the fillers’ surfaces that result from the highly 
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energetic ultrasonic waves. Highly active fillers easily impact each other and form new 
agglomerations.  
Singha et al. [79] adopted mechanical mixing and ultrasonic agitation to disperse 
micron and nano TiO2 in an epoxy resin. Ultrasonic agitation can effectively disperse 
large microfillers in the matrix, although the micron particles are to some extent 
clustered with groups of particles without touching each other. And by using 
mechanical mixing although the particles are dispersed, the clustering still exists. For 
nanofiller, agglomerates cannot be effectively broken by using any single mixing 
method, but the clusters of nanofillers can be reduced by using a combination of 
mechanical mixing followed by ultrasonic agitation. Also, processing methods 
significantly contributed to the variations in the dielectric properties of nanocomposites 
due to the variations in the distributions of the particles in the polymer matrix. A 
reduced interfacial polarization in nanocomposites contributed by a reduced size of 
filler results in a lower value of tan delta in nanocomposites compared to 
microcomposites. The lowest tan delta and the highest breakdown strength in 
nanocomposites are observed when the dispersion is the best. 
Physical mixing breaks microfiller agglomerations easily but when the filler size is 
in the nano-scale, the interfiller forces dramatically increase. In fact, the interfiller 
interaction is so intense that the shear force, provided by conventional mechanical 
facilities often fails to break apart the nano-aggregations in either a polymer or a 
solution [80-81]. Some researchers also established with physical mixing, nanofillers 
cannot exhibit uniform filler distribution, especially in relatively high concentrations 
[82]. The incorporation of fillers changes the flow properties of the polymers; as a 
result, simply using physical mixing cannot satisfy the requirement of uniform 
nanofiller dispersion.   
In [83], both single and twin screw extruders were selected to disperse nanosilica 
with an average size of 792 nm into base polymer poly (ethylene terephthalate) PET 
and poly (butylenes terephthalate) PBT. It was shown that single screw extrusion is 
only preferred for processing the modified nanosilica, while twin screw extruder can 
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provide homogenous nanosilica in the polymers even without silane treatment in low 
filler loading (3 wt%). However, at high filler concentration (7 wt%), filler 
agglomeration occurs again. Single or twin screw extruders are normally used to 
process of melt compounding. Particularly, these kinds of extruders require a lot of 
space to operate, and use large amount of compound. 
(b) Chemical Dispersion Methods 
Chemical dispersion methods depend on other additives to modify the surface of 
fillers. Surface modifications include physical and chemical modifications. For physical 
surface modifications, some macromolecule chemical additives operate in aqueous 
media to absorb or cover the nanofillers. The effect of steric hindrance prevents the 
agglomeration of the nanofillers. First, dispersants and surfactants are common 
chemical additives for physical surface modification. Dispersants are electrified due to 
the dissociation process, and when they are absorbed in the fillers’ surface, the surface 
properties of the fillers change, and the surface potential improves so that electrostatic 
repulsive forces between the fillers become stronger [84]. If the repulsive forces are 
higher than the attractive forces between the fillers, the filler agglomeration can be 
broken. Secondly, surfactants are characterized by hydrophilic and hydrophobic chain 
segments within the same molecule, whereas inorganic fillers are primarily hydrophilic 
in nature [22]. These characteristics cause the adsorption of the polar end of the 
surfactant molecules on the surface of the fillers, and the hydrophobic tail remains in 
contact with the hydrophobic polymer matrix. As a result, the surfactant lowers the 
surface energy of the nanofillers and the interfacial tension between the fillers and the 
matrix, facilitating the separation of the fillers and enhancing their dispersion during 
mixing. In one report CNTs were treated by concentrated aqueous acids [85]. This 
process introduces acidic groups to the surface of the carbonaceous materials, especially 
to carbon tubes. The oxidation of the nanotubes induces a negatively charged surface, 
particularly by the ionization of the acidic surface group. The resulting electrostatic 
repulsion leads to a dramatic increase in the stability of the carbon tube dispersion. 
Ramirez et al. [86] used surfactant Triton
TM 
X-100 (Triton) for the physical surface 
Chapter 1  Introduction 
 
15 
 
modification of nanosilica, enhancing the filler dispersion in the RTV silicone rubber 
matrix. The improvements in filler dispersion are confirmed by the SEM images and 
smaller eroded mass after aging. However, it is mentioned that the addition of 
surfactant can impart adverse effects to the chemical bonding and mechanical properties 
of nanocomposites. TGA tests do not indicate much improvement, unlike the samples 
without the surfactant. The authors also emphasized that Triton can separate nanosilica 
much better than other nanofillers. So, there is no universally effective surfactant for 
most nanofillers; the choice depends on the applications. It is possible the addition of a 
surfactant can lead to the flocculation of intrinsically stable suspensions of nanofillers 
[87] or to other side effects to on the properties of nanocomposites [86]. Therefore, the 
quantity of surfactant must be controlled very carefully to diminish the side effects of 
the surfactant to the utmost degree. 
Chemical modifications by means of chemical reactions between additives 
(various coupling agents and surface-reactive compounds) and fillers reinforce the filler 
surface and permanently alter the filler structures, reducing the surface energy of 
nanofillers. Chemical modifications are effective but involve a complicated process.  
Numerous coupling agents have been used to provide a stable bond between the 
fillers and matrices, and act as a chemical bridge between the two interfaces, 
significantly improving the reinforcement performance. The most commonly used 
coupling agents include trialkoxysilanes, titanates, zirconates, and organic 
acid-chromium chloride coordination complexes. The addition of silane coupling agent 
can significantly enhance the homogenous distribution of nano silver (Ag) particles in 
an epoxy matrix. Therefore, the electrical and flexural properties of composites are also 
enhanced [88]. The compatibility between the nanosilica and the epoxy matrix is 
substantially by silane modification of nanosilica surface. The etherification between 
nanosilica and oleic acid leads to the formation of a hydrophobic modified layer 
existing on the surface of the SiO2, improving the dispersiveness of nanofillers in 
non-polar organic solvents [89]. Non-modified fillers are severely aggregated, and the 
diameter of the aggregation measures in thousands of nanometers. The surface modified 
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nanofillers are distinct and the individual fillers distinguishable because the nanofillers’ 
cores are kept apart by the surface-modification layer and the repulsion between the 
fillers are increased. Tee et al. [90] applied the conductive nano silver which was 
treated by silane coupling agent in an epoxy to produce nanocomposites. The 
morphological studies have shown noticeable improvement in the filler's ability to 
disperse in the treated composite system, compared to those untreated. Nano silver (Ag) 
treated with a silane-based coupling agent exhibited remarkable improvement in the 
electrical and flexural properties of the composite system. However, the incorporation 
of treated Ag into the epoxy matrix has resulted in a dramatic reduction in the strain at 
break which might be due to the interfacial bonding existing between the constituent 
phases. 
All the composites with nanofillers that undergo surface modification have 
obvious improvements in comparison with composites with untreated nanofillers. 
However, in most cases, a special additive works for only one type of filler. The 
selection of chemical additives and the determination of the optimum concentrations 
must be carefully controlled to attain the desired results. In addition, the removal of the 
additives is quite challenging. 
1.4 Electrospinning 
Electrospinning was discovered by Formhals in 1934, wherein an experimental 
setup was used for the production of polymer filaments by using electrostatic force [91]. 
Thereafter, Taylor, Saville, Denn, and others significantly contributed to the 
understanding of the electrically driven jets, and laid the groundwork for 
electrospinning research in the late 1960s and early 1970s [21-25]. After the 1990s, 
with the recent trends in the nanomaterials use this simple and versatile technique 
attracted much attention for both academic research and industrial applications, since 
electrospinning can produce low cost and high-yield nanofibres. Electrospinning is a 
straightforward and inexpensive process that produces continuous nanofibres from a 
submicron diameter down to a nanometer diameter [92]. The method involves the 
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application of a strong electrostatic field to the metallic needle of a syringe which 
contains the polymer solution. Under the influence of the electrostatic field, the surface 
of the polymer solution is charged. At first, the pendent droplet is held by its own 
surface tension at the needle tip. However, when the applied voltage increases, the 
interactions of the electrical charges in the polymer fluid with the external electric field 
result in the droplet deforming into a Taylor cone. The processes are depicted in Figure 
1.1 (a). When the applied voltage reaches the critical value, electrostatic forces 
overcome the surface tension force, and an electrically charged jet erupts. When the jet 
flies away from the tip of the high voltage needle towards the grounded collector, the 
travelling liquid jet is subjected to a variety of forces such as the Coulomb force, the 
electric force imposed by the external electric field, the strong shear force produced 
during the jet stretching, viscoelastic force, surface tension force, and gravitational 
force [93]. As a result, the jet bends into a complex path. Furthermore, the jet stretches 
and thins in large ratios, as evident in Figure 1.1 (b). During the process, the solvent 
evaporates and solid fibres are eventually left on the collector. As long as a sufficient 
feeding of solution is insured, the nanofibres are continuously generated.   
 
               (a)                                       (b)                                                                                                            
Figure 1.1: Illustration of (a) the electrospinning stages with the increase of applied voltage, and (b) 
bending instability [94]. 
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1.4.1 Electrospinning Setup 
A schematic of typical electrospinning is shown in Figure 1.2. The following four 
components are essential: a syringe pump, a syringe with a small diameter metallic 
needle, a high voltage dc supply, and a grounded collector plate.  
 
Figure 1.2: Schematic of typical electrospinning. 
The similar configuration has been used by several researchers for their 
electrospinning experiments [92, 95-98]. During the electrospinning process, the 
polymer solution in the syringe is pushed through the needle at a constant speed with 
the control of a syringe pump. A high voltage DC source is used to supply the voltage 
so that the polymer solution can be electrified; typically, 10 kV or higher voltage is 
applied between the needle and the grounded collector.  
The electrospinning setup and process can be modified for different polymers in 
order to overcome the various limitations of the typical electrospinning configuration 
and to yield nanofibres with the desired morphologies and properties. 
1.4.2 Electrospinning of Nanofibres with Nanofillers 
The ultrathin nanofibres produced by electrospinning look promising for many 
applications such as drug delivery, high-performance filters, wound dressing, artificial 
tissue, and protective clothing. The high surface area-to-volume ratio, high specific 
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surface area, superior mechanical properties, and flexibility of the surface 
functionalities make nanofibres desirable for such varied uses. 
Many different types of materials have been used to form nanofibres, including 
synthetic and natural polymers, copolymer and polymer blends, ceramic, and 
composites. The individual material properties must be considered for each area of 
application. Recently, there has been an explosive growth in the use of electrospinning 
for fibre synthesis, and more recently, in the production of fibres incorporating 
nanofillers. 
Small insoluble fillers can be added to the polymer solution, and are encapsulated 
in the dry nanofibres. Similarly, soluble drugs or bacterial agents can be added and 
electrospun into non-woven mats [99]. Yu-Hsun Nien et al. [100] introduced TiO2 
nanofillers into a poly vinyl alcohol (PVA) polymer solution to change the morphology 
of nanofibres. The authors hypothesized that the nano TiO2 tends to aggregate together 
as the amount of fillers are increased. However, the researchers found that nano TiO2 
fillers demonstrated the appropriate distribution in the PVA matrix. Tin nanofillers 
mixed with poly L-lactic acid (PLLA), were electrospun as well [101]. It has been 
claimed that the oxidation of the tin nanofillers is prevented, and the tin nanofillers are 
well dispersed and stable as a metal state in the PLLA fibre (Figure 1.3). 
 
Figure 1.3: SEM images of tin nanofillers embedded in PLLA fibres by electrospinning [101].  
By electrospinning, Zhang et al. [102] successfully produced the fibres of 
magnetic polyacrylonitrile (PAN) with nano ferroferric oxide (Fe3O4) fillers. The 
infusion of Fe3O3 nanofillers has a considerable effect on the crystallinity of the PAN, 
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and a strong interaction between the PAN and Fe2O3 nanofillers is produced. However, 
when the filler concentration is elevated to 5 or 9 wt%, the polymeric mixture gains a 
high viscosity which ultimately prevents the electrospinning process; but, Zhang et al. 
did not comment on the quality of the filler dispersion, achieved at a low concentration 
CNTs have an exceptionally high axial strength, elastic modulus, tensile strength, 
and compressive strength to weight ratios [103]. However, because of the Van der 
Waals interaction between CNTs, they are easily held together as bundles. Chen [104] 
used electrospraying to separate the CNTs (CNTs mixed with water) and a coated nylon 
filtering membrane. In the SEM images of Figure 1.4 and optical microscope images of 
Figure 1.5, electrosprayed CNTs illustrates a much better dispersion than the sonicated 
solution drop.  
Chen concluded that electrospraying is an efficient method of dispersing CNTs. 
The flow rate of the CNT solution, CNT concentration, and the distance between the 
needle and collector are three important factors which can affect the dispersion degree 
of CNTs even more than the applied voltage.  
              
 
(a)                                           (b) 
Figure 1.4: SEM micrographs showing the effect of electrospraying on CNT dispersion [104], (a) 
Sonicated solution drop without electrospraying, and (b) CNT dispersion after electrospraying. 
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(a)                                        (b) 
 
              (d)                                      (e) 
Figure 1.5: Observation of the electrosprayed CNTs under the optical microscope: (a) Clean glass 
slide (b) drop of sonicated CNT solution (without electrospraying), (c) electrosprayed CNTs (flow 
rate: 7 mL/min, voltage 25 kV, CNT concentration: 600 mg/L MWNT in water, needle-target 
distance: 30cm) for sample 1, and (d) electrosprayed CNTs (flow rate: 0.5 mL/min, voltage 25 kV, 
CNT concentration: 600 mg/L MWNT in water, needle-target distance: 30 cm) [104] for sample 2. 
In addition, some recent work has demonstrated the feasibility of the incorporation 
of CNTs into nanofibres [105-108]. Nanofibres, containing CNTs, exhibit improvement 
in electrical conductivity [109] and mechanical properties [110]. The orientation of the 
CNTs within the polymer matrix is particularly important for the reinforcement of 
polymers and for the improvement of the mechanical properties of nanocomposites. In 
electrospinning, due to the large shear forces in a fast fibre-drawing process, embedded 
CNTs are oriented parallel to the nanofibre’s axis [111]. Gao et al. [112] prepared poly 
vinylpyrrolidone composite nanofibres containing single walled nanotubes (SWNTs). 
After removing the polymer by pyrolysis, they found that the aligned SWNTs existed 
primarily as individual nanotubes. This indicates that the electrospinning process 
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facilitates both the debundling and aligning of the SWNTs. However, most reports 
focus only on the alignment of CNTs. There are a few papers that mention the effect of 
electrospinning on debundling CNTs, although as mentioned some reports already 
presented the debundling function of electrospinning on CNTs. 
1.5 Objective and Organization of the Thesis  
A large number of studies have demonstrated that nanofillers can effectively 
improve the properties of various base polymers. Most research has confirmed that the 
homogeneous distribution and de-agglomeration of nanofillers help to achieve and 
develop high performance nanocomposites. There is no doubt that aggregations 
substantially undermine the effort of introducing the exceptional properties of 
nanofillers.   
Existing filler dispersion methods, such as mechanical mixing, ultrasonic agitation, 
and chemical modification or functionalization, have certain drawbacks. Existing 
physical methods are environmentally friendly, but they cannot effectively break up 
fillers less than 1 μm. In addition, for mechanical blending, a long period of mixing 
does not further improve the filler dispersion. Moreover, such ultrasonic agitation can 
also adversely deteriorate the dispersion of some fillers. Chemical methods can improve 
the filler dispersion significantly, but selecting chemical additives which work 
optimally for a given filler and polymer is complicated. Moreover, the existence of 
chemical additives may degrade the properties of the resulting nanocomposites, and the 
complete removal of these additives is quite challenging. 
Some research has been conducted on electrospinning composite fibres and 
revealed the feasibility of incorporating nanofillers into nanofibres by electrospinning. 
However, only a few researchers have paid attention to the function of electrospinning 
in the filler dispersion or simply mentioned that, after electrospinning, the fillers 
showed the proper dispersion in the polymers. Little research has been done to examine 
the effects of electrospinning on filler dispersion. Furthermore, no research has been 
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done to establish the relationship between the reduction of filler agglomeration and 
improvements in the properties of various composites. 
The existing dispersion methods of fillers have been discussed. However, a simple 
and effective mixing method is desired due to the drawbacks of those mixing methods. 
The dispersing function of electrospinning has been shown in some literature. Hence, 
there is the potential to use electrospinning as a tool to improve the dispersion of 
nanofillers in base polymers and to enhance the various properties of the so developed 
nanocomposites.  
Consequently, the focus of this thesis is primarily on using electrospinning to 
improve the nanofiller dispersion in the base polymers. The neat polymers (pure 
polymer) are selected due to their most general use in outdoor insulation application, 
primarily silicone rubber and to a certain extent, epoxy resin. Based on the literature, 
the most commonly used nanofillers are selected to reinforce and enhance the desired 
composite properties. Not only are the nanofiller composites prepared, but also 
microfiller composites and composites with both nanofillers and microfillers are also 
prepared for study. The nanocomposites are examined from the thermal, electrical, and 
mechanical aspects to study the improvements in properties arising from uniform 
dispersion of nanofillers. In addition, the mechanism of electrospinning in nanofiller 
dispersion is investigated. 
The main objectives of this thesis are as follows: 
[1] To develop a mixing method for homogenous dispersion of nano sized fillers in 
polymeric materials by electrospinning technique. 
[2] To investigate the performance of silicone rubber nanocomposites developed 
by electrospinning, and analyze the role of filler dispersion, filler interaction, 
and loading in the composites. 
[3] To understand the interaction between nano and micron fillers with base 
polymer; and the protective mechanisms of the above nanocomposites exposed 
to heat ablation.  
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[4] To understand the possible underlying mechanisms of nanofiller dispersion by 
electrospinning. 
In view of the above objectives, this thesis is organized as follows: 
 Chapter 2 presents the selection of materials, procedures of composite 
preparation, methodology of the performance evaluation on composites and the thermal 
modelling of composites. Two mixing methods are adopted in this investigation, 
commonly used conventional mechanical mixing and the proposed electrospinning. For 
all the evaluations, comparisons are made between conventional and electrospun 
samples. Various formulas of nanocomposites are evaluated by using the infrared laser 
ablation test and ASTM standard incline plane test. Scanning Electron Microscopy 
(SEM), Energy Dispersive X-ray Analysis (EDX), Thermal Gravimetric Analysis (TGA) 
methods are to examine the samples.  
 Chapter 3 lists all the experimental results of the different composites from the 
thermal, mechanical, and electrical aspects. Parameters, such as eroded mass, surface 
temperature distribution, maximum temperature, tensile strength, elongation at break, 
contact angle, and permittivity, are indicated, including several tables and graphs.  
 Chapter 4 presents a series of comparison and discussion about the results. The 
advantage of using electrospinning as a new nanofiller dispersion method and the 
possible effect of electrospinning on nanofiller dispersion and the enhancement 
mechanism of the thermal performances of electrospun nanocomposites such as heat 
erosion resistance and thermal degradation are addressed.  
 Chapter 5 provides a conclusion of this thesis and suggestions for the future 
work.  
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Chapter 2  
Materials and Experiments  
The benefits of using nanocomposites are self-evident. Obtaining the optimum final 
nanocomposites depends on many factors, but one of the crucial factors is the dispersion 
and distribution of the nanofillers in the base polymers [113]. Although many mixing 
methods have been researched, an alternative new mixing technique, a novel 
electrospinning method, is developed and investigated in this thesis to obtain uniform 
nanofiller dispersion and distribution.   
The composite preparation, sample assessment, and thermal modelling are described 
in the following sections. The performance assessments of the composites include the 
standard inclined plane test, laser ablation test, corona aging test, dielectric parameter 
measurements, viscosity measurement and various analytical tests such as SEM, EDX, and 
TGA. 
In industry, microfillers are usually loaded into the polymers at more than 30 wt% to 
reduce the cost and obtain better performances of composites. The addition of nanofillers 
can further improve the interaction between the microfillers and the polymer matrices. 
Therefore, to meet the cost reduction requirements of manufacturers and based on research 
[33-35], optimum levels of composite performance can be attained by using a combination 
of nanofillers and microfillers to gain the benefits of both fillers [114]. Consequently, in 
the thesis, the microfiller and nanofiller-filled composites are also investigated. 
2.1 Selection of Nanofillers and Polymers 
Based on the literature review of nanofiller performances, Table A1 in the Appendix 
lists the commonly used inorganic fillers with base polymers to achieve engineered 
materials for various purposes. As described in the table, some of these fillers exhibit a 
high permittivity; some a high thermal conductivity; and others, valuable good mechanical 
Chapter 2  Materials and Experiments  
 
26 
 
properties. Therefore, these fillers are expected to improve many desired properties of 
composites for different applications. Table A2 in the Appendix summarizes the common 
base polymers for possible study as well.  
The polymers, silicone rubber is the base materials used in this thesis and epoxy resin 
is also selected for some further study. Pure silicone rubber and epoxy resin are chosen as 
the polymeric matrix which have no other fillers or diluents are included in the as-received 
polymers. This diminishes the effects of the other impurities in the final properties of the 
investigated composites.  
Titanium dioxide was used in the first commercial silicone rubber compounds, those 
rubbers exhibited good physical and electrical properties but the electrical properties were 
adversely affected by moisture. Therefore, silica fillers which also have excellent dielectric 
properties but fewer effects by water received the attention [115]. In this thesis, the chosen 
fillers are nano fumed silica and microsilica due to their commercial availability, price, and 
good physical properties present in the insulation composites, well supported by research 
and industry. Fumed silica, also known as phylogenic silica, it is an amorphous material 
that derived from the flame pyrolysis of silicon tetrachloride. Fumed silica has an 
extremely low bulk density and large surface area which easily agglomerate, but 
performance well [116-117], it is used as reinforcement in silicones and hydrocarbon 
vulcanized rubbers [118-119]. Nano fumed silica is obtained from Sigma Aldrich and 
microsilica (Min-U-Sil5), from US Silica. Some of the physical properties of fillers are 
summarized in Table 2.1.  
In this research, General Electric RTV 615 silicone rubber (SiR) is selected as one of 
the base polymers. RTV 615 is a transparent, low viscosity vinylpolydimethylsiloxane 
silicone rubber. However, it has the similar, excellent properties as the regular heat curing 
silicone rubber that is often used for insulator housings. This type of SiR is a two-part 
cured silicone rubber compound consisting of part-A, a liquid silicone rubber, and part-B, 
a curing agent with a 10:1 mixing ratio of part A to part B. The curing process of RTV 615 
is quite simple and does not need a highly controlled curing temperature for the 
reproducibility of vulcanization of the SiR. However, an elevated temperature cure is 
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necessary for achieving the optimum properties of the silicone rubber. Another base 
polymer is chosen to investigate: XR7 2184/CLH 5185 epoxy resin, obtained from 
Crosslink Technology INC. Also, the resin is a two-part compound consisting of part-A 
XR7 2184, a liquid epoxy resin, and part-B CLH 5185, a multiring alicyclic anhydride 
curing agent. The mixing ratio of part-A to part-B is 1:1. Some of the physical properties 
of the base polymers are summarized in Table 2.2. 
Table 2.1:  Characteristics of the Silica Fillers. 
Filler Average Particle 
Size 
Density 
(g/m
3
) @25
o
C 
Surface Area (BET)
* 
(m
2 
/ gram) 
Nano Fumed Silica  7 nm 2.20 350-430 
Micron Silica  1.5 μm 2.65 5 
BET
*
stands for Brunauer, Emmett, and Teller, the three scientists who optimized the theory for 
measuring surface area. 
  Table 2.2:  Characteristics of the Base Polymers. 
Base polymer Viscosity 
(cps) 
Mixing Ratio 
(by weight) 
Curing 
Temperature 
(
o
C) 
Silicone Rubber 
RTV 615 
4000 1:10 Room  
Temperature 
Epoxy 
XR2184 
700-1000 1:1 125 
2.2 Sample Preparation 
The composite samples were prepared according to the weight percent (wt%) of the 
nanofillers and base polymers in the composites. For example, the 3 wt% nanosilica 
composites refer to samples that are made by mixing 3 g of nanosilica with 97 g of RTV 
615 silicone rubber in a 100 g sample. Also, a 10:1 ratio, based on the weight of the base 
rubber (Part A of RTV 615, hereafter called RTV 615-A) to a crosslinker (Part B of RTV 
615, hereafter called RTV 615-B) is chosen for preparing the silicone rubber composites. 
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Thus, in the example, 3% nanosilica composites refer to 3 g nanosilica, 88.1 g RTV 615-A 
and 8.82 g RTV 615-B. For epoxy resin with a mixing ratio 1:1, then a 3 % by weight 
nanosilica composite is 3g nanosilica. The rest both part-A XR7 2184 and CLH 5185 are 
48.5 g. In this research, the maximum nano fumed silica loading was limited to 6 wt% for 
the samples, produced by conventional mixing. For the samples produced by 
electrospinning, the maximum nano fumed silica loading is 10 wt% by weight but it is still 
possible to incorporate more nanosilica in the SiR by electrospinning.  
A Ross Type HSM-100LSK laboratory mixer with a high shear mixing blade is 
selected for the preparation of the samples. Degussa, the manufacturer of the fumed silica, 
recommends a peripheral mixing blade velocity (tip speed) in excess of 10m/sec 
(peripheral velocity) to obtain sufficient shear for good dispersion [120]. The speed of the 
mixing blade is calculated from: 
             
            velocity  m sec)  0 1000
d  mm)  
                 (2.1) 
Since the Ross high shear mixer used in this work has a 16 mm blade diameter, the 
necessary speed recommended for mixing fumed silica is 12,000 rpm. As the viscosity of 
the mixture increases with the increasing wt% of the nanofillers, the mixing time is 
specific to the amount of the nanofillers to that is incorporated into the base rubber. Also, 
because high shear mixing heats the mixture, the mixing vessel is placed in a container 
with cold water.                   
The conventionally produced samples, hereafter referred to as the conventional 
samples, are prepared in two steps. In the first step, the dry nanofillers are gradually added 
to RTV 615-A (or part-A epoxy), while mixing at a low speed to wet-out the filler. When 
the nanofillers are visibly wetted-out, the mixing speed is gradually increased to 12,000 
rpm which continues until the mixture exhibits no visible signs of lumps. After 2-3 
minutes of cooling, RTV 615-B (or part-B epoxy) is added and mixed at low speed for two 
minutes by a standard mixer, and then degassed in a vacuum at 27 inHg until the bubbles 
are completely removed (for epoxy the vacuum time is limited to less 3 mins; otherwise 
the additives in the epoxy resin are pulled out). The silicone rubber mixture is then poured 
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into moulds and allowed to cure for 24 hours at room temperature. Following curing, the 
samples are stabilized according to the manufacturer’s recommendation by post-curing in 
an oven (Lab Line Model 3620 Duo Vac Vacuum Oven) for 4 hours at 87 
o
C. For epoxy, 
the compound is cured at 125 
o
C for 8 hours after vacuum. 
An experimental apparatus is built to perform the electrospinning dispersion without 
any complexity in the vertical and horizontal directions, as shown in Figure 2.1.  
 
 Figure 2.1: Single needle electrospinning setup. 
The samples produced by electrospinning, hereafter referred to as the electrospun 
samples, require the appropriate amount of ethanol; otherwise, RTV 615-A (or epoxy) 
cannot be properly electrospun due to their low electrical conductivity. The amount of 
ethanol, determined through trial and error for the experimental conditions at hand, is 
roughly 1 mL per 2 g of RTV 615-A. For the epoxy used in this thesis, only a few drops of 
ethanol is sufficient to enable epoxy mixture to electrospin. Ethanol increases the 
conductivity of the mixture to satisfy the requirements of electrospinning, and also can 
reduce the viscosity of the compound a little bit, a benefit, when more nanofillers are 
loaded.  
The ethanol is first mixed with nanosilica by using a magnetic stirrer (Fisher 
Scientific Isotemp Magnetic Stirrer 11-100-49S), gradually adding nanosilica during 
stirring until the fillers are totally wetted by the ethanol. Then, RTV 615-A (or epoxy 
part-A) is added and mixed by the Ross high shear mixer at a high speed for approximately 
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5 minutes. The mixture is then injected with a pump at the rate of 0.3 mL/min into a 60 mL 
syringe with a stainless steel needle (2.16 mm diameter flat-end), which is energized at a 
nominal voltage of 12-16 kV DC. The separation between the needle tip and the ground 
plate is nominally 20 cm but also varies with the formulas. The applied voltage and 
distance between the energized needle and ground plate are system specific. To speed up 
the evaporation of the ethanol, a fan is installed in the electrospinning chamber. In the 
practical experiment, the curing agent, RTV 615-B (or epoxy part-B) is not added to the 
compounds of fillers and SiR (or epoxy) polymers during the electrospinning process. 
Therefore, after electrospinning the collected compounds are still in liquid form. The 
collected electrospun compounds are mixed with RTV 615-B (or epoxy part-B) for two 
minutes at a low speed by using a standard mixer. After pouring the mixture into the molds, 
curing occurs, following the same procedure as that for the conventionally produced 
samples previously described. 
2.3 Effect of Ethanol 
The viscosity and conductivity of a polymer solution influences the formation of 
nanofibres [92,121-123]. During the electrospinning process, the surface charge of the 
solution causes a polymeric jet to elongate under the electrical forces. If the conductivity 
of the solution is too high, it is very difficult or impossible to spin the jets even at very 
high voltages. Similarly, it is not possible to form nanofibres if the solution has a low 
electrical conductivity. The standard polymers used for the electrospinning are dried 
powders before they are mixed with solvents. When the solvent evaporates, solid fibres 
remain. The solution’s properties are adjusted by controlling the quantity of the solvent or 
by adding a small amount of salt or polyelectrolyte to the polymer solution to adjust the 
electrical conductivity of the solution.  
To electrospin the insulating polymeric materials, the conductivity of the compound 
must be high enough to ensure there are sufficient repulsive charges on the surface of the 
electrospinning jets. Since other additives are not expected to be added to the final 
polymers, a solvent is the best selection to increase the conductivity of the SiR and epoxy 
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solution. Due to the hydrophobic characteristics of the SiR and epoxy resin, typical 
solvents, such as water cannot be used. After several tests, ethanol is determined as the 
solvent to increase the conductivity. Figure 2.2 denotes the effect of ethanol on the 
electrospinning of pure RTV 615 SiR.  
 
 (a)                       (b)                       (c)                                
Figure 2.2: The electrospun jet behaviour of SiR under different conditions: (a) pure RTV 615 under 
external electric field (b) pure RTV 615 without ethanol under an external electric field, and (c) RTV 
615 with ethanol under an external electrical field. 
As illustrated in Figure 2.2 (a), without an external electric field, no induced charges 
exist on the surface of the rubber to form the Taylor cone and fluid jet. Figure 2.2 (b) 
signifies the behaviour of pure RTV 615 silicone rubber during electrospinning. It is 
difficult to observe the ejection of any thin jets. There are not enough surface charges at 
the fluid’s surface due to the very low conductivity of RTV 615 SiR. However, as shown 
in Figure 2.2 (c), with the correct amount of ethanol, RTV 615 has the ability to transfer 
the induced ions in the fluid to the surface. Due to the existence of adequate surface 
charges, a thin jet can be pulled out from the Taylor cone; therefore, RTV 615 SiR can be 
electrospun. With the help of ethanol, the electrospinning of low conductivity SiR is 
possible, so is epoxy resin. 
In order to check the morphology of pure SiR during electrospinning, only two-part 
RTV 615 (A and B) and the correct amount of ethanol mixture are prepared and 
electrospun. To accelerate the curing time, the collector plate is heated up to 200 
o
C during 
the electrospinning process. The collected pure SiR polymers are analyzed under a 
scanning electron microscope (SEM), Figure 2.3.  
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(a) 
 
(b) 
Figure 2.3: The SEM images of the quickly cured RTV 615 silicone rubber during the electrospinning 
process: (a) under low magnification; and (b) under high magnification. 
Some of the collected streams are droplets, and most of them appear to be filaments 
in the SEM images. Both of them are acceptable due to their nanometer diameter. The 
most important thing is they are uniformly distributed; thus, the feasibility of 
electrospinning of SiR to disperse fillers is confirmed. Consequently, it is possible to 
electrospin insulating polymers which have a low conductivity in a similar manner. 
The comparison of the viscosity is made between the pure RTV 615-A and 
electrospun RTV 615-A. Figure 2.4 depicts the viscosity of RTV 615-A as a function of 
the crosshead speed.  
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Figure 2.4: The viscosity of RTV 615-A with and without electrospinning versus crosshead speed. The 
blue line represents original pure RTV 615-A, and the red line represents electrospun RTV 615-A. 
The measurement is conducted by a shear capillary rheometer, mounted on an Instron 
Universal Testing Machine (Model 1122; Instron, Norwood, Mass., U.S.A.). A 50 mL 
polymer solution is loaded in the machine barrel at three crosshead speeds (100, 200, and 
300mm/min), respectively. All the tests are carried out at room temperature. The viscosity 
of the electrospun RTV 615-A undergoes conductivity modification by ethanol, compared 
with that of the pure RTV 615-A. It conveys that the ethanol, the only additive, evaporates 
entirely during the electrospinning process.  
2.4 Performance Evaluation and Procedures 
The optimum loading of the nanofillers is determined by trial and error and is system 
specific. Therefore, performance tests must be conducted to ensure that the loading level 
and dispersion process are adequate to meet the requirements of the applications.  
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2.4.1 Scanning Electron Microscopy (SEM) 
SEM is used to image the sample surface by scanning the surface with a high-energy 
beam of electrons. The electrons interact with the atoms of the sample, producing signals 
that contain information, including the sample's surface topography, composition, and 
other properties such as electrical conductivity. In this study, a LEO 1530 FE-SEM system 
is chosen to analyze the cross-section of the composites to ascertain the dispersion of the 
nanofillers within the polymer matrices. All of the samples that are prepared for the SEM 
observation are the cross-sections of the nanocomposites. The samples are cut into thin 
pieces with a sharp blade, and were then sputter-coated with a thin layer of gold to 
overcome the charging effect. 
2.4.2 Energy Dispersive X-ray Spectroscopy (EDX) 
EDX is an analytical technique used for the elemental analysis or chemical 
characterization of a sample. EDX is carried out by using the LEO 1530 FE-SEM 
microscope, equipped with an EDX Pegasus 1200 integrated EDX system. The EDX 
analysis collects the X-rays information when the sample is hit with the electron beam 
during the SEM. Each element has unique atomic structure, allowing the X-rays to provide 
the particular information about the elemental composition of the samples. All of the X-ray 
number counts are composed of EDX-mapping to assess the homogeneity of the fillers and 
interactions of the different fillers in the polymers.  
2.4.3 Contact Angle Measurement 
The hydrophobicity of the composite surface changes with time due to the effects of 
the environment and partial discharge. It is noteworthy that the hydrophobicity of the 
material surface necessitates that the contact angle  θ) must be taken into account. It is the 
angle that liquid and vapour interface meet a solid surface. The definition of contact angle 
is shown in Figure 2.5. The shape of the droplet is determined by three surface tensions, 
acting on the droplet according to Young’s relation:  
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   θ                         (2.2) 
where θ is the contact angle, and  sv ,  sl and  lv are the surface tensions between the 
solid-vapour, solid-liquid, and liquid-vapour phases. 
If the surface is rough and homogeneous after adding the nanofillers, the addition of 
the liquid droplet grows without moving the periphery. Therefore, the contact angle 
enlarges, indicating improvement of material’s hydrophobicity.  
 
                        Figure 2. 5: Definition of contact angle.   
The contact angle not only reflects the hydrophobicity characteristics of the surface 
but also indicates whether the nanofillers on the surface are uniformly distributed. In this 
study, the contact angle measurement is conducted on the nanocomposite’s flat surface. 
First, the surfaces of the composite samples are cleaned by deionized water, and then the 
samples are placed on a flat plate after the surface is dried in desiccators for 24 hours. A 
precision pipette is used to drop one 10 μL droplet of deionized water on the composite’s 
surface. The static contact angle is obtained from the photographs, taken by a digital 
camera every 10 mins and stored on a computer. The contact angle is measured by a 
custom developed software using Adobe Photoshop. 
2.4.4 Evaluation of the Mechanical Characteristics 
One of the reasons that fillers are added to polymers is to reinforce the mechanical 
properties of the base polymer. It is well known that the microfillers can improve hardness 
of composites at a high filler concentration. It is also well known that nanofillers can 
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improve tensile strength at a very low level. Therefore, depending on the application, the 
optimum filler loading will vary.     
There are standards for the measurements of the hardness, tensile strength, and 
elongation at break. According to ASTM D2240 [124], a durometer Model 408 (type A) is 
used to measure the hardness of each sample. The sample surface must be smooth and 
clean, and the thickness is 6mm. Each sample is measured five times to determine the 
mean value of the hardness. The samples should be large enough so that the five tests can 
be performed at least 6mm apart from each other.  
The tensile strength and elongation at break measurements are conducted according to 
the ASTMS D1708 standard [125]. An instron machine 4465 is used to do the test. For 
each formula, 5 to 10 samples with the dumb bell shape are tested at room temperature. 
The test speed is 100 mm/min (speed D). The stress, σ, is calculated by                        
                         σ     
 (2.3)                                                                        
where f and A0 are the force and the initial cross sectional area, respectively. 
2.4.5 Dielectric Parameter Measurements  
Permittivity is an important parameter of dielectric materials, and reflects the 
insulating properties of the materials. Permittivity is a measure of how an electric field 
affects a dielectric material. An Agilent E4980A LCP meter is chosen to measure the 
capacitance and dissipation factor of the composites under the same voltage but with a 
variable frequency. The permittivity is calculated by the following: 
                                                      (2.4)                                                                              
where  0 is the vacuum permittivity,  r is the relative permittivity, A is the area of 
overlap of the electrodes, and d is the separation between the electrodes or the thickness of 
samples. 
All the samples consist of a thin film, whose thickness d is 1-2 mm. In order to obtain 
a good contact between the silicone rubber composites and electrodes, a thin aluminum 
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foil with a diameter of 4 cm and a thickness of 70-80 μm is pasted onto both sides of the 
samples with a minimal quantity of silicone oil. Samples are placed between the stainless 
steel electrodes afterwards to perform the measurements. The applied voltage is the 
maximum voltage of the setup, 20 V, and the frequency is varied from 2 to 100 kHz.  
2.4.6 Evaluation of the Thermal Characteristics 
 (a) TGA 
TGA is a simple analytical technique to measure the weight loss of the material as a 
function of the increasing temperature. It reflects the stability of the materials under high 
temperatures and determines the characteristics of materials that exhibit weight loss due to 
loss of volatiles. This test is performed with a thermogravimetric analyzer TGA-Q500 
from TA Instruments. The measurements are taken in the ambient air and the temperature 
is increased at a rate of 20 
o
C/min from 250 to 800 
o
C.  
(b) Thermal Conductivity of Composites 
Improvement in the thermal conductivity of dielectrics is desirable for many 
applications. The thermal conductivity of composites are calculated by [126]： 
   
    
          
                     (2.5)                                       
where K1 and K2 are the thermal conductivities of the base polymers and fillers, 
respectively. X1 + X2 = 1, X1 and X2 are the volume fractions of the base polymers and 
fillers in the composites. 
Usually, the thermal conductivity of fillers is higher than that of base polymers. 
Therefore, based on the calculation, the high filler concentration or the high thermal 
conductivity fillers improves the thermal conductivity of composites [39]. However, some 
of the published work does not show such a proportional relation between the amount of 
fillers and the thermal conductivity [37]. These conflicting results may relate to the filler 
concentration and/or filler distribution in the composites.  
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In this research, the thermal conductivity of the prepared nanocomposites is measured 
on a modified version of ASTM D5470-95 [127], by using the thermal interface material 
(TIM) test apparatus in the Microelectronics Heat Transfer Laboratory (MHTL) in 
University of Waterloo. The measurements determine the thermal joint resistance of each 
of the materials as a function of bond-line thickness; and the data is used to calculate the 
thermal conductivity. By using a laser scan micrometer, LSM 503H, bond-line thickness 
measurements are performed during the test. Tests are performed under atmospheric 
conditions for a mean joint temperature of 353 K. The temperature readings from the 
resistance temperature detectors in the heat flux meters are used to calculate two quantities, 
namely, the total heat flow rate through the joint, Q, and the temperature drop across the 
joint, ΔT. From these two quantities, the joint resistance is attained by calculating: 
                     
  
 
                          (2.6)                                                                       
Then, the thermal conductivity is calculated through: 
                        
    
   
                            (2.7)                                               
where the bond-line thickness (sample thickness), tBLT, is obtained from the laser scan 
micrometer. A is the cross-section of an area that is 25 mm × 25 mm.  
For each formula, three different thicknesses of the thin composite samples are 
measured to obtain more precise thermal conductivity results.  
(c) Laser Heating and Thermal Analysis (LHTA) 
To examine the local effects of the particle dispersion, a near infrared laser, operating 
in the continuous mode at a wavelength of 802 nm is selected to irradiate the composite 
samples at a low and constant power for a certain number of minutes so as not to burn the 
samples. The samples are located at a constant distance from the laser source for all the 
tests. Each sample is a thin piece with the same shape, and the laser beam is incident 
normal to the samples’ surface. The silicone rubber composite samples have different 
shades of white after adding fillers, in order to make them to absorb a constant and 
sufficient heat from the radiation of the laser. All the samples are coated with a thin layer 
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of graphite. It is assumed that the emissivity is the same for both the conventional and 
electrospun samples, because, for a relative comparison, an absolute value of emissivity is 
not necessary. Therefore, the scattering of energy from the incident beam is assumed to be 
the same for all the samples. Then, the energy can be equally transferred to each sample’s 
surface that abuts the conductive tape. A FLIR-SC500 infrared camera records the 
temperature distribution on the front side and/or back side of the samples. The setup is 
illustrated in Figure 2.6. 
   
(a) 
  
(b)                                   (c) 
Figure 2.6: (a) Schematic diagram of the laser setup, (b) the experimental laser setup, and (c) the 
temperature on the sample surface in the LHTA test measured by an infrared camera. 
2.4.7 Erosion and Aging Tests  
(a) Laser Ablation Test 
The infrared laser-based technique, developed by Meyer et al. [128], is adopted in this 
research as well. Following the same procedures of LHTA measurement, the same infrared 
laser is used to produce a constant and stable energy to heat the sample. However, this 
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time, the heat must be high enough to damage the composites’ surfaces. By comparing the 
eroded masses of the composites, this test analyzes whether the heat resistance of the 
dielectrics is enhanced. High temperature spots are observed, when a higher energy is 
available, which can be easily adjusted from the panel of the laser setup by changing the 
voltage, current, or other variables. The same infrared laser is used in the heat resistance 
test. The distance between the samples and the laser source is constant. All the 
arrangements are the same with the LHTA tests, except the power and irradiation time. In 
the continuous mode, a high and constant power is irradiated on the samples for a constant 
time. This is the amount of energy that sufficiently damages the sample surface, but does 
not severely burn the sample. The weight of the samples is measured by a Sartorius 
balance AC 211S-00MS, with a readability of 100 μg, before and after each test. For each 
sample, the test is repeated at least three times to attain the average of the eroded mass.  
(b) ASTM D 2303 Standard Inclined Plane Test (IPT) 
The IPT test procedures in the ASTM D2303 standard [129] are followed to conduct 
the test in this research. The experimental setup for the IPT test is shown in Figure 2.7. For 
each formula, six samples of size: 50 mm wide × 130 mm long × 5 mm thick, are tested.  
Based on the previous experiments, initial applied voltage of 3 kV is selected for the 
SiR sample (2 kV for the epoxy resin sample), and the voltage is then increased at a rate of 
0.25 kV/h. According to the standard, the test duration is 4 h in order to qualify the 
acceptability of the samples. In this case, to investigate the voltage-to-tracking for the 
different samples, the voltage is continuously increased until the tracking length of most of 
the samples’ surface is more than half of the distance (2.5 cm) between the top and bottom 
electrodes, as observed in Figure 2.7. The flow rate of the NH4Cl contaminant is 0.3 
mL/min, and is increased to 0.4 mL/min, when the applied voltage is more than 3.75 kV. 
The concentration of the contaminant is 0.1 wt% NH4Cl and 0.02 wt% nonionic wetting 
agent, Triton
TM
 X-100, in the deionized water. 
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Figure 2.7: Schematic diagram of the IPT test. 
During the IPT test, the current and voltage for each sample are recorded on a 
PC-based data acquisition system. The frequency of the data acquisition card is 100 kHz, 
and the acquisition card has 16 channels. Each second, four 60 Hz cycles of data are 
acquired at a sampling rate of 7680/s. According to the acquired voltage and current data, 
the level of the maximum power consumption is calculated for each sample.  
After the test, the samples are inspected and cleaned for further evaluation. The 
tracking length of each sample or the depth of the erosion area is recorded. 
(c) Corona Resistance Test 
The objective of the corona test is to determine whether the addition of nanofillers to 
the SiR base polymer can improve the resistance to discharges, and whether the filler 
dispersion can influence the corona resistance.  
Eight stainless steel electrodes were fabricated according to IEC 60343 standard [130]. 
Figure 2.8 illustrates the structure and dimensions. Each high-voltage electrode is 6 ± 0.3 
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mm in diameter, and the silicone rubber composite samples are approximately 5 cm x 5 cm 
with a thickness of 2 mm. To establish a good contact between the samples and bottom 
electrodes, the bottom of the sample is fixed to thin aluminum foil with a diameter of 3 cm 
by silicone oil before being placed on the bottom stainless steel electrode. A voltage of 12 
kV is applied in the corona resistance test by using an AC high voltage test system. Each 
time, 6 samples are tested for 12 hours simultaneously, before any of the samples fail. 
 
(a)                                         (b)   
Figure 2.8: (a) The electrode configuration for the corona resistance test based on IEC 60343 standard 
[130] , and (b) the assembly of six pairs of electrodes. 
After 12 hours of aging, the central parts of samples under the high voltage electrodes 
are cut and cleaned with ethanol, lastly the morphology of the aged parts is imaged by 
SEM. 
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Chapter 3  
Results  
Uniform filler dispersion is pivotal for obtaining consistent composite properties. 
Both nanosilica and microsilica were used to study the properties of SiR composites, 
and epoxy resin was also used to confirm some aspects of the dispersion. According 
to the sample preparation in section 2.2, the performance evaluation procedures in 
section 2.4, and the thermal modelling in section 2.5, conventional and electrospun 
nanocomposites are prepared separately to investigate the effect of the nanofiller 
dispersion on the final composite properties.   
In the first stage, nanosilica is dispersed in the SiR matrix. Several analysis 
methods are used to compare the electrospun composites and conventional composites 
to assess their electrical, mechanical, and thermal properties. The best improvement 
observed is the thermal performances for the SiR nanocomposites such as thermal 
degradation and heat erosion resistance. Therefore, in the second stage to further 
enhance the improved thermal properties, the nanocomposites are reinforced by 
microsilica. The effects of the nanofiller dispersion on the thermal stability, thermal 
degradation, and thermal resistance of microcomposites and nanocomposites; and the 
interactions between fillers and between filler and matrix are carefully investigated. In 
the last stage, to examine the application scope of electrospinning for dispersion, and 
also to conduct some further analysis epoxy resin composites are prepared and 
compared in the similar way as the SiR composites. The dispersion morphology, EDX 
elemental analysis, and heat erosion resistance of the epoxy resin composites are 
presented in this chapter. In addition, a simplified 2D thermal model is developed to 
analyze and understand the effect of the filler dispersion on the local temperature 
distribution of the composites. 
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3.1 Performance of Silicone Rubber Nanocomposites 
3.1.1 Morphology Observation 
The filler dispersion in the SiR matrix is analyzed by SEM analysis. The SEM 
images, in Figure 3.1, exhibit the morphology of the cross-sections of the samples 
with different formulas. In Figure 3.1 (a) and (b), the SEM images on the right side 
are for conventional samples, and the left sides are the SEM images of electrospun 
samples.  
  
                                            (a) 
   
(b) 
Chapter 3  Results  
 
45 
 
  (c) 
Figure 3.1: The morphology of silicone rubber nanocomposites with different nanosilica loadings, 
prepared by using two methods, (a) 3 wt% nanosilica-filled SiR, (b) 6 wt% nanosilica-filled SiR, 
and (c) 10 wt% nanosilica-filled SiR. Left columns are ES samples, and right columns are CS 
samples. 
It is evident that the electrospun samples exhibit reduced filler agglomerations 
and a more homogenous filler dispersion than the conventional samples. Although the 
filler agglomerations in electrospun samples still cannot be fully avoided, the filler 
clusters are still in the acceptable nano-scale, confirming the improved dispersion of 
the nanofiller. 
Due to the limitations of the mechanical mixing process, the silicone rubber 
composites with 10 wt% nano-fumed silica are prepared only by electrospinning, 
because the viscosity of this mixture is too high to be handled by a mixer. In the 
presence of the solvent and with the better dispersion of the nanofillers, a 10 wt% 
electrospun silicone rubber nanocomposite is easily prepared. The dispersion of the 
nanosilica for such a high filler loading level is still homogenous, as shown in Figure 
3.1 (c).  
3.1.2 Contact Angle Comparison 
The contact angles on the flat surface of the silicone rubber nanocomposites are 
measured to examine whether the surface condition of the composites are changed by 
the filler dispersion. After following the procedures in section 4.3.2, the contact 
angles on the composite surfaces are photographed over times as shown in Figure 3.2.  
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(a)                                     (b)  
Figure 3.2: The variation of a droplet of 10 μL deionized water on the nanocomposite’s surfaces. 
The left columns in each figure show samples mixed by the mixer, and the right columns, by the 
electrospinning: (a) silicone rubber composites with 3 wt% nanosilica, and (b) silicone rubber 
composites with 6 wt% nanosilica. 
Figure 3.3 depicts the curves of the contact angles on the surfaces of the 
nanomaterials as a function of time. The contact angles on the electrospun samples are 
greater than those on the unfilled silicone rubber. For different formulas, all the 
contact angles on the electrospun samples change slowly over time. However, the 
contact angles on the conventional samples, at first, exhibit almost no change, 
compared to those of the unfilled rubber, and even worsened over time.  
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Figure 3.3: Static contact angle as a function of time on flat surfaces of various nanocomposites 
(ES=electrospun samples; CS=conventional samples). 
 
After the possibility of using the electrospinning technique to disperse nanofillers 
in dielectrics is confirmed, the SiR nanocomposites are evaluated from the electrical, 
thermal, and mechanical perspectives. The results are presented below. 
3.1.3 Mechanical Properties  
The mechanical properties such as tensile strength, elongation at break, and 
hardness are crucial bulk material parameters for composite materials. These 
parameters are sensitive to the type of filler, the loading, and the interaction between 
the filler and the matrix. Typically, the optimum filler loading should achieve a 
balance among the mechanical properties. To study the effect of the filler dispersion 
on these characteristics, the conventional samples and the electrospun samples are 
compared for filler concentrations ranging from 3 to 10 wt%. The results are shown in 
Table 3.1. 
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Table 3. 1: The Mechanical Properties of the SiR Nanocomposites. 
Samples Tensile Strength (Mpa) Elongation at Break (%) Hardness 
Pure SiR 5.53 142 47.2 
3%_CS 5.96 150 48.5 
3%_ES 6.20 142 49.6 
6%_CS 6.53 140 55.8 
6%_ES 6.75 168 56.2 
10%_ES 6.99 169 58.5 
CS: conventional SiR Sample; ES: Electrospun Sample. 
After the addition of the nanofillers to the silicone rubber, the mechanical 
properties do improve with the increased filler loading. The noticeable improvement 
is the elongation at break indicates a better tension tolerance for the electrospun 
samples compared to the conventional samples. Other than that, there is no significant 
difference is observed between the mechanical properties of the conventional samples 
and those of the electrospun samples. The increased mechanical properties of the 
composites are believed to be the stronger interactions between the polymer and 
fillers. If the fillers disperse uniformly and fewer agglomerations are present in the 
base polymer, stronger interaction occurs between the fillers and the polymer matrix, 
filler and matrix can be better bonded. 
3.1.4 Dielectric Constant  
The dielectric constant (permittivity) is measured at three different frequencies (2 
kHz, 10 kHz, and 100 kHz) for samples with filler loadings from 3 to 15 wt%, and a 
fitted curve is then obtained based on the test points, as reflected in Figure 3.4.  
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Figure 3.4: The relative permittivity of the composites as a function of the frequency. (ES = 
electrospun sample; CS = conventional sample). 
The relative permittivity of the composites is increased as the filler 
concentrations are increased, but no significant difference is exhibited between the 
two methods. The similarity of the results is likely due to the averaging effect of using 
bulk materials. Another possible explanation is that both nanosilica and silicone 
rubber have low relative permittivity values: approximately 2.7-3.8. Therefore, 
significant difference between the two methods for the same filler-loading level is not 
expected. The results reconfirm the evidence that the ethanol solvent entirely 
disappears from the electrospun samples. 
3.1.5 Thermal Properties 
(a) TGA Results  
To investigate a possible improvement in the thermal stability and thermal 
degradation due to the improved dispersion of the nanofiller, a TGA analysis is 
conducted. The results of the unfilled pure silicone rubber are compared with those of 
the nanocomposites with 3 and 6 wt% nanosilica fillers. Each is prepared by using the 
two methods discussed in the Section 2.2.  The TGA curves are shown in Figure 3.5. 
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                                    (a) 
 
                               (b) 
Figure 3.5: The thermal degradation of the unfilled silicone rubber and nanosilica-filled silicone 
rubber composites, prepared by two methods (ES = electrospun sample; CS = conventional sample) 
(a) with 3 wt % nanosilica, and (b) with 6 wt % nanosilica. 
For both formulas, the rate of change in weight is about 0.18 (% /
o
C) for the 
electrospun samples with a remaining weight of about 60 %, and 0.26 (%/
o
C) for the 
conventional samples with a remaining weight of about 50 %, respectively. However, 
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the weight change is more rapid for pure silicone rubber: about 0.56 (%/
o
C) with a 
remaining weight of about 28 % as expected.  
(b) Thermal Conductivity of the Composites 
The measured thermal conductivity of the nanosilica composites with different 
filler concentrations and mixing methods are listed in Table 3.2. 
Table 3.2: Thermal Conductivity of the Nanocomposites Based on Modified. 
ASTM D5470 [88]. 
Formula Thermal Conductivity (W/mK) 
3 wt%_CS 0.23 
3 wt% _ES 0.22 
6 wt%_CS 0.25 
6 wt% _ES 0.28 
10 wt% _ES 0.27 
Note: The thermal conductivity of pure SiR is around 0.19 and the thermal conductivity of 
silica is around 1.5.        
There is no significant difference in the thermal conductivity between the 
composites with different filler concentrations in terms of the two mixing methods. It 
is evident that microsilica can enhance the thermal conductivity of the SiR composites 
at a large volume fraction. Thus, the reason for the inconspicuous difference in the 
thermal conductivity of the nanofilled silicone rubber composites may be due to the 
low nanofiller concentration that the percolation threshold of fillers for a significant 
thermal conductivity change has not been reached. There are many factors affecting 
the thermal conductivity of composites, including the filler size, filler loading, and 
distribution of the fillers. Therefore, improving only the dispersion of the nanofillers 
may not be enough to obtain a high thermal conductivity of the composites. In future 
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studies, high conductivity nanofillers such as nano boron nitride and CNTs should be 
chosen to enhance the thermal conductivity of the composites. 
(c) Thermal Profile Analysis  
The laser-based thermal profile analysis is conducted in order to study the local 
thermal characteristics of the nanocomposites. A laser power of 0.9 watts is applied to 
the sample surface, for three minutes without burning the samples. The samples are 
located 5 cm from the laser source for all the tests. Each sample is 6 mm thick, and 
the laser beam is incident normal to the samples’ surfaces. The thermal profiles are 
shown in Figure 3.6. 
The temperature decreases with the increased concentrations of the filler, but 
only at 6 wt% filler loading is the temperature notably reduced. It can be readily 
understood that the fraction representing the volume of filler is a factor that strongly 
affects the transfer of heat. The profile for the electrospun samples on the surface of 
the laser-incident side results in the temperatures of approximately 7 to 11 
o
C lower 
than those for the conventional samples. Apparently, an optimum heat transfer 
depends on the filler loading and the filler interaction and distribution. Although the 
global thermal conductivity is not improved but thermal profiles suggest that the 
“localized” thermal conductivity of the electrospun samples is higher than that of the 
conventional samples for the same filler loading, a condition which can be attributed 
to the reduced nanofiller agglomeration and the enhanced interaction between the 
filler and the base polymers.  
Figure 3.7 confirms the repeatability of this analysis by obtaining the thermal 
profiles from different areas on the surface of 10 wt% electrospun SiR 
nanocomposites. 
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  (a) 
 
(b) 
Figure 3.6: The thermal profiles of the maximum temperature along a line that passes through the 
center of the laser-heated area on the surfaces of the samples, (ES = electrospun sample; CS = 
conventional sample), (a) The thermal profile for the conventional samples and pure silicone rubber, 
and (b) the thermal profile for the electrospun samples and pure silicone rubber. 
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(c) 
Figure 3.7: The temperature profiles of the different areas along a line passing through the center 
of the laser-heated area on the surface of the 10wt% electrospun SiR nanocomposite (ES = 
electrospun sample; CS = conventional sample). 
To analyze the effect of filler size and dispersion on the local temperature 
distribution of the composites, a simple 2D model is employed. The simulated 
microsilica and nanosilica filler size are 5μm and 500 nm, respectively. The details of 
the simulation settings are provided in the Appendix B. The results of the temperature 
distribution for pure silicone rubber, microsilica and nanosilica filled silicone rubber 
composites from the simulation are shown in Figure 3.8 and Figure 3.9. 
 From the simulation results, the advantages of using the nanofillers are well 
demonstrated. Figure 3.8(c) shows that the nanofillers compel a more uniform 
temperature distribution than that of the microfillers, shown in Figure 3.9 (b). The 
temperature distribution along the vertical direction for the unfilled silicone rubber 
sample is 486-463 K; for the microsilica filled sample, it is around 462-458 K; and for 
the nanosilica-filled sample, it is 462-443K. The simulation results confirm that the 
addition of fillers reduces the maximum temperature on the sample’s surface and the 
nanofillers dissipate the heat better; thus keeping the maximum temperature in 
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nanosilica-filled composites less than the microsilica filled samples, even though the 
loading of the microfillers is more than that of the nanofillers.  
 
(a)                       (b)                       (c) 
Figure 3.8: The temperature distribution in the 2D models (a) unfilled SiR (b) 
microsilica-filled SiR, and (c) nanosilica-filled SiR. 
Figure 3.9 displays the temperature trends in the horizontal direction of the 
samples, where the temperature along the sample surface passing through the 
center of the heat source.  
 
Figure 3.9: The temperature distribution trends along a line passing through the center of the heat 
source on the surface of simulated samples, (a) unfilled pure SiR, (b) micron silica filled SiR ,and 
(c) nanosilica filled SiR 
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The temperatures in the horizontal direction decrease for the inorganic 
filler-filled samples. The nanosilica filled sample demonstrates the most substantial 
temperature reduction. These temperature trends are similar to those experimental 
thermal profiles shown in Figure 3.6. 
Well dispersed nanofiller prepared by electrospinning leads to a lower and even 
temperature distribution than those of unfilled silicone rubber or silicone rubber which 
is filled with microfiller or agglomerated nanofiller. Therefore, it is inferred that 
homogeneous distribution of nano fillers assists in dispersing the heat well; hence, 
resulting in reduced thermal stresses in the composites. 
(d) Heat and Erosion Resistance of Nanofilled SiR Composites 
For the erosion resistance test, for the samples to absorb the same energy, a thin 
slice of a black semi-conductive layer of non-woven polyester fleece is fastened onto 
the surface of the sample. The fabric, on the nanocomposites is impregnated with 
conductive resin and is carbon loaded. As with the previous test LHTA measurement, 
the samples are located 5 cm from the laser source, but for this test, the laser beam 
irradiates the samples for 1 min with a sufficient power of 3.6 W to erode the sample 
but not to damage the black slice. For each sample, this test is conducted at least three 
times to attain the average.  
For the nanofumed silicone rubber composites, the eroded masses of samples 
with different filler concentrations in terms of the two mixing methods: conventional 
mixing and electrospinning are given in Figure 3.10. 
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Figure 3.10: The average eroded mass after three repetitions of the laser erosion tests for pure 
silicone rubber and nanosilica-filled conventional samples and electrospun samples (ES = 
electrospun sample; CS = conventional sample). 
The average eroded mass is represented by a red dash line in each box. The 
boundary of the box that is closer to zero indicates the 25th percentile, and the other 
boundary that is farther from zero indicates the 75th percentile. The solid black line in 
the box represents the median value. All of the eroded mass plots included in this 
thesis follow the same designations. The plots of the values for the eroded mass 
indicate that the weight loss decreases almost linearly with the increased nanosilica 
concentrations. Compared to the unfilled silicone rubber, the electrospun sample with 
10 wt% nano-fumed silica exhibits an improved amount of eroded mass of about 80%, 
with a small variation. Also, the 8 % conventional samples demonstrated a reduced 
amount of eroded mass, but the variation is larger than that for the electrospun sample, 
which may imply a nonuniform distribution of filler. As expected, the overall extent 
of the reduction in the eroded mass for the electrospun samples is higher than that for 
the conventional samples, which matches the results of the TGA test as well. However, 
it should be noted that the slopes of the eroded mass curves for all the methods are not 
as steep, possibly because the nanofiller loading neared saturation and the dispersion 
of the filler becomes more difficult and not as effective.  
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Although the nanofillers improve the properties, it is difficult to add lots of 
nanofillers into polymers. Also, from a cost-savings perspective, microfillers are 
usually loaded into polymers at more than a 30 wt% in the industry. Therefore, the 
optimum performance of the composites may result from a combination of nanofillers 
and microfillers. The addition of a large amount of microfillers can lower the cost of 
composites and the combination of nanofillers can further improve the properties of 
composites. Based on the performance results of the silicone rubber nanocomposites, 
the significant improvements of the nanosilica-filled silicone rubber composite come 
from the thermal properties, especially the heat erosion resistance. Therefore, for both 
nano and micro silica enhanced silicone rubber composites, the focus is on the further 
improvement of heat erosion resistance. 
3.2 Performances of Nano-Micron-filled SiR Composites 
Based on the results presented in the previous section, a uniform dispersion of 
the nanosilica in the silicone rubber by using the electrospinning technique is 
confirmed. Nevertheless, 7 nm nanosilica cannot be loaded at more than 10 wt% due 
to the large volume fraction of nanofillers and the increased viscosity of composites 
because of the addition of nanofillers and the processing limitation.  
The samples are again prepared by two methods: electrospinning and 
conventional high shear force mixing. After the RTV 615-A silicone rubber and 
nanosilica are mixed by high shear force or by electrospinning, as mentioned in 
section 2.2, the collected compound are then mixed with microsilica using high shear 
force mixer before adding the RTV 615-B curing agent. For the laser ablation test, a 
small amount of iron oxide (Fe2O3), 2.5 wt% of the microsilica weight, is added to all 
the samples to obtain the same absorption. The vacuum and cure procedures are the 
same as those for the silicone rubber nanocomposites. 
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3.2.1 Heat and Erosion Resistance of Nano-Micron-filled SiR 
It is difficult for the high shear force mixer to handle more than 6 wt% nanosilica, 
for both the conventional and electrospun samples, the nanosilica is kept constant at 5 
wt% (a high nanofiller loading). This nanofiller loading is considered for all the 
formulas, and the weight percentage of the microsilica keeps increasing on the basis 
of 5wt% nanosilica until the maximum.  
For each formula, three laser erosion tests are conducted. The distance between 
the sample and the laser tip is 5 cm so that the laser beam is incident normal to the 
surface of the sample. Each sample is irradiated by the laser beam for three mins, with 
a constant power of 5.5 watts. The values for the eroded mass of the different SiR 
composites with 5 wt% nanosilica and 10 to 40 wt% microsilica are shown in Figure 
3.11.  
 
Figure 3.11: The eroded mass for the formulas with 5 wt% nanosilica and 10 wt% to 40 wt% 
microsilica (ES = electrospun sample; CS = conventional sample). 
For the conventional samples, the maximum microsilica loading is 30 wt% 
microsilica plus 5 wt% nanosilica, which is difficult to process with the high force 
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shear mixer. However, for the electrospun samples, the maximum loading of 
microsilica is 40 wt%. The compounds with the same weight percentage of 
microsilica loading are much easier to mix for the electrospun samples than for the 
conventional samples, which probably contributes to the uniform dispersion of the 
nanosilica. In addition, only the 10 and 40 wt% microsilica-filled composites are 
prepared as references. All micro-filled samples are represented by the white boxes in 
the eroded mass plots in Figures 3.11, 3.13, and 3.14.  
In Figure 3.9, the plot of the eroded mass shows that, as expected, the eroded 
mass of almost each formula is mitigated when the microsilica loading is augmented. 
Compared with the conventional samples, the electrospun samples exhibit a 
significantly greater reduction of the eroded mass, and the variation in the eroded 
mass for each electrospun sample is also much smaller. For the samples filled with 5 
wt% nanosilica and 10 wt% microsilica, the eroded mass is lower by only about 8% 
for the conventional sample, but by about 28% for the electrospun sample, compared 
to the eroded mass of the 10 wt% micro-filled sample. For the electrospun sample 
with 5 wt% nanosilica and 40 wt% microsilica, the eroded mass is improved by 
almost 85% compared to that of the 10 wt% micro-filled sample. The result is an 
approximate a 54% improvement compared to the eroded mass of the 40 wt% 
micro-filled sample. All of these results confirm the advantage of using a combination 
of microfillers and a small amount of nanofillers to improve the erosion behaviour of 
the SiR composites. Some of the surface patterns for the laser erosion tests are 
apparent in Figure 3.12 (a) and (b). 
To study the erosion resistance of the electrospun samples with a high filler 
loading and to determine what percentage by weight of the nanosilica can be 
combined by using the electrospinning technique, the 40 wt% microsilica amount is 
kept constant, and 5 wt% to 10 wt% nanosilica is combined as long as the samples are 
still easy to process. Due to the small eroded mass of the electrospun sample filled 
with a 40 wt% microsilica and a 5 wt% nanosilica, as shown in Figure 3.10, the laser 
power is set to 6.5 W to verify the results of the eroded test but at a slightly higher 
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filler loading. The plot of the eroded mass is shown in Figure 3.13. It displays that the 
amount of the eroded mass that can be further improved if more nanosilica is loaded, 
but the rate of reduction is slow. No significant changes are observed, when the 
nanosilica is loaded at such high levels, like 5 to 10 wt%.  
 
(a) 
 
  (b) 
Figure 3.12:  The surface patterns of the samples in the laser erosion test. 
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Figure 3.13: The eroded mass for the electrospun samples with 40 wt % microsilica and 5 to 10 wt% 
nanosilica (ES = electrospun sample; CS = conventional sample). 
Based on the previous tests and the difficulty of the sample preparation, the 
samples with 20 wt% microsilica and 2.5 wt% to 6 wt% nanosilica are selected to be 
evaluated by the laser-based erosion test and the IPT test. At these filler loadings, the 
high shear force mixer can still handle the conventional samples, and the filler loading 
is also not too low for industrial requirements. The applied laser power is 5.5 W. The 
plot of the eroded mass is presented in Figure 3.14. It is obvious that the results of the 
electrospun samples are better than those of conventional samples. The eroded mass 
of the SiR composite is reduced with the increased nanosilica loading, but the 
reduction is not linear.  
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Figure 3.14: The eroded mass for the formulas with 20 wt% nanosilica and 2.5 to 6 wt% microsilica; 
20 and 3 wt% microsilica-filled samples are used as references (ES = electrospun sample; CS = 
conventional sample). 
3.2.2 Inclined Plane Test (IPT) Comparison  
The laser erosion test reflects the heat resistance that characteristic of the SiR 
composites mainly in terms of the thickness, and the voltage-to-tracking IPT test 
reflects the heat resistance that characteristic of the SiR composites mainly along the 
surface of the sample.  
For the IPT test, the applied voltage is continually increased, until the tracking 
length on all or most of the six samples reach 2.5 cm, which is the midpoint of the 
distance between the top and bottom electrodes. During the IPT test, when the 
tracking length of any of the six samples exceeds the 2.5 cm position or when any of 
the samples begins to burn (i.e., the erosion is deep but does not propagate along the 
surface), the voltage applied to that sample is removed, and the test is continued for 
the other samples. Consequently, the duration of the test for the different formulas is 
proportional to the applied voltage, which is increased by 0.25 kV every hour during 
the voltage-to-tracking IPT test. This relationship means that if the sample can 
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withstand a higher voltage, it takes longer to attain the tracking length. Figure 3.15 
shows the duration of the IPT test plotted in relation to the formulas.  
As with the plot of the eroded mass, the average time is represented by a dash line in 
each box. Based on the results of the IPT test, the best formula is the electrospun sample 
with a loading of 20 wt% microsilica plus 5 wt% nanosilica (in the dotted circle) in the 
filler loading range considered. The average test time indicates that this formula can 
withstand 290 min (4 h and 50 min) of the IPT test with an applied voltage of 3 kV to 4 
kV.  
 
Figure 3.15: The IPT test durations for the different formulas with 20 wt% nanosilica and 2.5 wt% to 6 
wt% microsilica. 20 wt% and 30 wt% microsilica-filled samples are used as a references (ES = 
electrospun sample; CS = conventional sample). 
Figure 3.15 indicates that the best formula is the 20 wt% micro plus 6wt% nano-filled 
electrospun sample, but that there is no significant improvement with this formula 
compared to the 20 wt% micro plus 5 wt% nano-filled electrospun sample with respect to 
the average eroded mass. Therefore, based on the laser erosion test and the 
voltage-to-tracking IPT test, of all the test formulas considered, the optimum combination 
of fillers for the SiR composites is 20 wt% microsilica plus 5 wt% nanosilica. It is 
interesting to note that when the nanofiller loading of the samples is more than 5 wt%, the 
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tracking behaviour deteriorates somehow. This effect may also relate to the dispersion of 
the nanofiller, or it may indicate that in the case of the nanofillers, a higher concentration is 
not necessarily very beneficial. 
The surface patterns of the SiR composites with 20 wt% microsilica plus 5 wt% 
nanosilica for the conventional and electrospun samples are shown in Figure 3.16. The six 
conventional samples are displayed in the top row, and the electrospun samples appear in 
the bottom row.  
 
Figure 3.16: The surface erosion patterns of conventional and electrospun samples (with 20 wt% 
microsilica plus 5 wt% nanosilica loading) after the IPT test. 
The duration of the IPT test for the electrospun sample is almost 50 mins longer than 
for the conventional sample, as shown in Figure 3.15. During this time, the applied voltage 
was 4 kV and 3.75 kV for the electrospun and conventional samples, respectively. The 
surface patterns of the electrospun samples are almost identical with no deep erosion. 
However, for the conventional samples, the surface patterns vary with three of them 
exhibiting severe tracking erosion (CS_1, CS_5, and CS_6). The measured global thermal 
conductivity of above electrospun sample and conventional sample are 0.5 W/ m·K and 
0.31 W/ m·K, respectively. Also, the hardness of above samples is measured according to 
the procedures in section 2.4.4 and the results are provided in Figure 3.17. The variations 
in the hardness may somehow imply non-uniformity filler distribution in the conventional 
samples.  
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Figure 3.17: The hardness of conventional and electrospun samples with 20 wt% microsilica plus 5wt% 
nanosilica loading for the IPT test. 
In addition, based on the acquired voltage and current data, recorded by the PC-based 
data acquisition system, the maximum power needed for each sample to reach the 2.5 cm 
tracking length is calculated. The formula with 20 wt% microfillers plus 5 wt% nanofillers 
is used as an example. The data for the maximum current in the last hour prior to the 
sample failure are taken from the recorded data file for both the conventional and the 
electrospun composites. The plots of the maximum current for IPT sample 1 and IPT 
sample 2 are shown in Figure 3.18 (a) and (b), respectively. Electrospun sample 1 fails at 4 
kV, with test duration of 270 mins, and electrospun sample 2 failed at 4 kV, with test 
duration of 300 mins. For the conventional sample, sample 1 failed at 3.75 kV, with test 
duration of 244 mins, and sample 2 failed at 3.75 kV, with test duration of 250 mins.  
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   (a)   
 
(b)          
Figure 3.18: Records the maximum current for IPT sample 1 and sample 2 of the electrospun and 
conventional SiR composites (with 20 wt% microsilica plus 5 wt% nanosilica loading) during the last 
hour prior to the sample failure (ES = electrospun sample; CS = conventional sample) (a) IPT sample 1 
means CS_1 and ES_1in Figure 3.14, and (b) IPT sample 2 means CS_2 and ES_2 in Figure 3.14. 
From Figure 3.18 (a) and (b), it is evident that the maximum current levels, prior to 
the failure for electrospun sample 1 and conventional sample 1, are about 20 mA and 
10mA, respectively. For electrospun sample 2 and conventional sample 2, the maximum 
current levels are about 18 mA and 10 mA, respectively. Thus, the electrospun samples 
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require twice the power the conventional samples required to reach the failure point. These 
results indicate an enhanced interaction between the fillers and the SiR matrix which 
means more energy is needed for electrospun sample to erode. 
3.2.3 Filler Dispersion and Interaction  
With the help of electrospinning, the nanofiller can be dispersed reasonably well, 
permitting additional filler (nanofiller or microfiller) to be added. As a demonstration for 
this study, three formulas are chosen: an SiR composite filled with only 20 wt% 
microsilica, a conventional SiR composite and an electrospun SiR composite, filled with 
20 wt% microsilica plus 5 wt% nanosilica. The SEM images of the cross-sections of the 
SiR samples are presented in Figure 3.19.  
 
 
(a) 
 
(b) 
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(c) 
Figure 3.19: The morphology of the filler distribution in the SiR samples, under a 1000 x magnification, 
(a) The distribution of the 20 wt% microsilica in the SiR composite, (b) the distribution of 20 wt% 
microsilica plus 5 wt% nanosilica in the conventional SiR composite, and (c) the distribution of 20 
wt% microsilica plus 5 wt% nanosilica in the electrospun SiR composite.  
For all the formulas, the microsilica is mixed by using the high shear force mixer with 
identical mixing conditions. The SEM images clearly show that the SiR sample with 20 wt% 
microsilica has a filler distribution, similar to that of the electrospun sample with 20 wt% 
microsilica plus 5 wt% nanosilica. However, the conventional sample exhibits larger filler 
agglomerations, which may be the result of the poor dispersion of the nanosilica on its own, 
which may or may not have been exacerbated by the addition of the microsilica. In either 
case, the cause of the agglomeration in the conventional sample is the poor dispersion of 
the nanofillers, which leads to a greatly increased viscosity in the polymer mixture, and in 
turn, further reduces the dispersion of the microfillers. Therefore, the effectiveness of the 
electrospinning technique, with respect to the dispersion of the nanofillers is further 
verified. 
3.2.4 Thermal Stability and Thermal Degradation 
A thermal-gravimetric analysis is also conducted for the previous SEM samples: 
the 20 wt% microsilica-filled SiR composite, the conventional SiR composite filled 
with 20 wt% microsilica plus 5 wt% nanosilica, and the electrospun SiR composite 
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filled with the 20 wt% microsilica plus 5wt% nanosilica. The TGA curves are shown 
in Figure 3.20. 
T95% is the temperature at which the sample loses only 5 % of its weight. 
Typically, this value represents the temperature at which the onset of thermal 
degradation occurs [133]. From the curves, it is evident that for the 20 wt% 
micro-filled SiR composite, the T95% is approximate 455 
o
C, but for the conventional 
sample and the electrospun sample filled with 20 wt% microsilica plus 5 wt% 
nanosilica, the T95% for both is about 472 
o
C. Therefore, the addition of 5 wt% 
nanosilica modifies the thermal stability of the SiR composite during the onset stage, 
although not showing a significantly higher temperature transfer. The TGA curve for 
the electrospun sample after T95% exhibits a short period in which the slope of the 
TGA curve is flat, indicating that the onset of the degradation of the electrospun 
sample is not as severe as that of conventional sample. 
 
Figure 3.20: The TGA curves for the 20 wt% microsilica-filled sample (designated 20M), the 
conventional sample filled with 20 wt% microsilica plus 5 wt% nanosilica (designated 20M_5N_CS), 
and the electrospun sample filled with 20 wt% microsilica plus 5 wt% nanosilica (designated 
20M_5N_ES). 
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Moreover, the rate of the weight loss from T95% until 600 
o
C (the point at which 
the remaining weight of the sample is almost stable) for the 20 wt% microsilica-filled 
sample is about 23 %/
o
C, for the conventional sample, filled with 20 wt% microsilica 
plus 5wt% nanosilica is about 21 %/
o
C, and for the electrospun sample, about 
15 %/
o
C. The remaining weight of the 20 wt% microsilica-filled sample is 
approximate 60 %, and for the conventional and the electrospun samples, the 
remaining weights are about 65 % and 68 %, respectively. Slower weight loss and 
higher remaining weight of the electrospun sample suggests that the interaction 
between the filler and the SiR matrix is improved, strengthening the thermal 
degradation.  
3.3 Epoxy Resin Nanocomposites 
Epoxy resin as the second chosen polymer is investigated in this thesis to 
examine the possibility of using the proposed electrospinning technique to disperse 
the nanofillers within the other polymers other than silicone rubber and also to do 
some further tests that cannot be accomplished in SiR composites. All the samples, 
preparation procedures are the similar as for the silicone rubber samples. The 
component percentage is still based on the weight percentage, and ethanol is still 
selected as the conductivity modification solvent for the epoxy resin. The volume of 
ethanol is decided based on the epoxy resin viscosity and epoxy resin electrospinning 
behaviour.  
3.3.1 Morphology and Elemental Analysis 
In the silicone rubber composites, both the filler and polymer matrix have a Si 
chemical element. Therefore, it is difficult to use the EDX analysis to distinguish 
between them. In epoxy resin composites, there is no common element in the polymer 
and fillers except oxygen. To verify the interaction between the nano and micro fillers, 
5 μm TiO2 microfiller is used in this section, instead of microsilica, just for the EDX 
and SEM analysis purposes. 20 wt% micron TiO2 plus 5 wt% nanosilica epoxy resin 
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composites are prepared by the two methods as mentioned in section 2.2. The SEM 
images, EDX elemental analysis, and mapping are shown in Figure 3.21 and Figure 
3.22 - Figure 3.27. SEM analysis was done at both low and high magnifications to 
exam the how the morphology looks like in a big and a small area in the composites. 
 
  
300X                                3000X 
(a) 
  
300X                                   3000X 
(b) 
Figure 3.21: The SEM images of the 20 wt% micron TiO2 plus 5 wt% nano SiO2 epoxy resin 
samples, (a) the SEM image, for the cross-section of the conventional epoxy resin sample at 300 
and 3000 magnifications, and (b) the SEM image for the cross-section of the electrospun epoxy 
sample at 300 and 3000 magnifications. 
The EDX-mapping is carried out for each sample in three different locations: the 
evaluated area is 40 μm × 40 μm, the purple color represents the element Si, and the 
green color represents the element Ti. 
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                                  (a) 
 
                              (b) 
Figure 3.22: EDX-mapping and elemental analysis for the CS sample in location 1, (a) the CS 
sample EDX-mapping in location 1; top left is the SEM image, bottom left is the Si element 
mapping, bottom right is the Ti element mapping, top right is the overlap mapping for both the Si 
and Ti element, and (b) the CS sample EDX elemental analysis in location 1. 
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(a) 
 
                                  (b) 
Figure 3.23: EDX-mapping and elemental analysis for the CS sample in location 2, (a) the CS 
sample EDX-mapping in location 2; top left is the SEM image, bottom left is the Si element 
mapping, bottom right is the Ti element mapping, top right is the overlap mapping for both the Si 
and Ti element, and (b) the CS sample EDX elemental analysis in location 2. 
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(a) 
 
                                  (b) 
Figure 3.24: EDX-mapping and elemental analysis for the CS sample in location 3, (a) the CS 
sample EDX-mapping in location 3; top left is the SEM image, bottom left is the Si element 
mapping, bottom right is the Ti element mapping, top right is the overlap mapping for both the Si 
and Ti element, and (b) the CS sample EDX elemental analysis in location 3. 
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(a) 
 
(b) 
Figure 3.25: EDX-mapping and elemental analysis for the ES sample in location 1, (a) the ES 
sample EDX-mapping in location 1; top left is the SEM image, bottom left is the Si element 
mapping, bottom right is the Ti element mapping, top right is the overlap mapping for both the Si 
and Ti element, and (b) the ES sample EDX elemental analysis in location 1. 
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 (a) 
 
 (b) 
Figure 3.26: EDX-mapping and elemental analysis for the ES sample in location 2, (a) the ES 
sample EDX-mapping in location 2; top left is the SEM image, bottom left is the Si element 
mapping, bottom right is the Ti element mapping, top right is the overlap mapping for both the Si 
and Ti element, and (b) the ES sample EDX elemental analysis in location 2. 
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(a) 
 
(b) 
Figure 3.27: EDX-mapping and elemental analysis for the ES sample in location 3, (a) the ES 
sample EDX-mapping in location 3; top left is the SEM image, bottom left is the Si element 
mapping, bottom right is the Ti element mapping, top right is the overlap mapping for both the Si 
and Ti element, and (b) the ES sample EDX elemental analysis in location 3.  
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In Figure 3.21, the SEM images portray the filler distribution in both the 
conventional and electrospun micro and nano-filled samples. The 300X magnification 
of the SEM images clearly indicates that the fillers are distributed more 
homogeneously in the electrospun sample than that in the conventional sample, and 
the 3000X magnification SEM images reveal no large filler clusters in the electrospun 
samples. However, for the conventional sample, the enlarged local area has some 
obviously large filler clusters. The filler distribution in the SEM images of nano and 
micro-filled epoxy is almost similar to the results of the silicone rubber nano and 
micro-filled composites in Figure 3.19. 
For each conventional and electrospun micro and nano-filled sample, the 
EDX-mapping and elemental analysis is conducted in the three different areas in 
Figure 3.22 to Figure 3.27. In addition, the elemental analysis in each area is obtained. 
Here only Si and Ti are chosen to be shown. The EDX-mapping directly presents the 
distribution of the nano SiO2 and micro TiO2 fillers by showing the element 
distribution. Moreover, the interaction between the nano and micron fillers is obtained 
by the overlapped element mapping. Not only is nano SiO2 distributed better by the 
electrospinning than that by the high shear force mixer in epoxy resin, but also the 
distribution of the micro TiO2 in the electrospun sample reveals better uniformity than 
that of the conventional sample. Because of the 20 wt% TiO2 plus 5 wt% SiO2 in the 
epoxy resin sample, so the weight ratio of TiO2 to SiO2 is 4:1. The element weight 
ratio of Ti and Si in the composite according to the formula can be calculated. Based 
on the EDX elemental analysis, the element weight percentage in each area for each 
sample can be acquired. The weight percentage of Ti to Si in the three different areas 
for the conventional and electrospun sample are represented by the bar graph in 
Figure 3.28.  
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Figure 3.28: The element weight percentage comparison between the CS and the ES samples (the 
reference represents the calculated element weight ratio of Ti to Si in the formulated epoxy 
composite). 
If both the TiO2 and SiO2 fillers are very uniformly distributed in the epoxy resin 
then in any area, the element weight ratio of Ti to Si should be around the calculated 
value 83 % : 17 % (the middle reference bar indicates the calculated element weight 
percentage in the formulated epoxy resin sample). By comparing all the EDX results 
with the reference values in Figure 3.28, it can be seen that the results in the three 
different areas for electrospun sample are much closer to the reference ratio than the 
results of the conventional sample. There is a small variation in the element weight 
percentage for electrospun sample in that than for the conventional sample. 
Also, the good filler interaction and homogeneous distribution are verified again 
by the EDX-mapping and element weight percentage comparison in addition to the 
SEM images. 
3.3.2 Heat and Erosion Resistance of Epoxy Composites 
Both microsilica and nanosilica are also employed to enhance the thermal 
properties of the epoxy resin. The heat and erosion resistance is tested by the laser 
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ablation setup without the arcing ignition. Pure epoxy resin, 40 wt% microsilica-filled 
epoxy resin, 44 wt% microsilica-filled epoxy resin and 40 wt% micro plus 2 to 4 wt% 
nanosilica-filled epoxy resin samples are compared. The eroded mass trend for the 
epoxy samples, in Figure 3.29 has a similar trend to that of the silicone rubber 
samples. It is concluded that the eroded mass is reduced when the filler loading is 
augmented for the electrospun samples. 
 
Figure 3.29: The eroded mass for the epoxy formulas with the 40 wt% microsilica plus 2 wt% to 4 wt% 
nanosilica, pure epoxy resin, 40 wt% microsilica filled epoxy resin and 44 wt% microsilica filled epoxy 
resin (ES = electrospun sample; CS = conventional sample). 
However, there is almost no difference between the unfilled epoxy resin and 
filled epoxy resin in the IPT test, when the filler loading is lower than 50 wt%. When 
the filler loading is low, and the tracking on the sample surface is initiated, all the 
samples begin to flame, and fail in a few seconds. The behaviour of epoxy resin 
samples differs from that of the silicone rubber samples during the IPT test. 
The flammability of the polymers relates to the limiting oxygen index (LOI) 
which is the minimum concentration of oxygen that sustains the combustion of the 
polymer. The LOI of the silicone rubber is approximately 26-40 % O2 [134] and LOI 
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of cycloaliphatic epoxy resins is 18-20 % O2 [135], indicating the epoxy resins exhibit 
a greater tendency to burn. There is a critical filler level for base polymeric dielectrics 
to completely suppress the tracking. Therefore, much more fillers are required to 
suppress the tracking and erosion of the epoxy resin than that for the silicone rubber. 
This is the reason that at least 30 to 50 wt% inorganic fillers are used in the industry 
in the base polymer to effectively stop tracking and erosion. 
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Chapter 4 
Discussion 
Both silicone rubber and epoxy polymeric materials were successfully 
electrospun. Moreover, nanofillers were uniformly distributed in these polymers. 
Results of various characterization and analysis confirm that nanofillers in the base 
polymers were more homogenously mixed by electrospinning than the conventional 
method. The dispersion of fillers in the polymeric materials was visually analyzed by 
using SEM and EDX techniques. It is notable that, the results from the inclined plane 
test and laser ablation showed a good match with the results of thermal degradation 
and thermal stability in the TGA measurements. 
4.1 Advantages of Electrospinning for Filler Dispersion 
Compared to conventional mechanical mixing and complicated chemical 
modification, electrospinning is easier to control and more effective than conventional 
mixing. Advantages of electrospinning method are summarized as follows: 
(a) Improved Dispersion  
As shown in Figure 3.3, the contact angles of electrospun nanocomposites 
increased and their hydrophobicity improved. In addition these results reconfirmed 
that the dispersion of the electrospun nanofillers was improved compared to 
conventional samples. EDX-mapping and elemental analysis provide more details 
about the filler information to a depth of 300-400 nm whereas SEM can provide 
information only to a around 50 nm depth. The SEM images and EDX-mapping 
results in Chapter 3 visually presented that the filler dispersion in electrospun samples 
was much better than that of conventional samples. EDX-mapping in Figures 
3.22-3.27 clearly showed that after electrospinning nanofillers were spread all over 
the polymer, and the size of the filler agglomerations was effectively reduced by the 
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electrospinning process, the big silica particle that can be detected during SEM , as 
shown in Figure 4.1. 
   It was confirmed by using several analysis methods that electrospinning was 
successfully used to separate nanofillers in two different polymers, silicon rubber and 
epoxy. Therefore, it is possible to adjust and modify this method for dispersion of 
nanofiller in other polymers  
 
 
 
(a) 
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(b) 
Figure 4.1: The effect of electrospinning on the agglomeration reduction in silicon rubber 
composites, (a) nanosilica-filled conventional silicone rubber, and (b) nanosilica-filled electrospun 
silicone rubber 
(b) Reduced Compound Viscosity  
A shear capillary rheometer, as mentioned in section 2.3, was used to measure 
the viscosity of the pure SiR, electrospun pure SiR, 1, 3 and 5 wt% nanosilica-filled 
conventional and electrospun SiR (without of RTV 615-B). Due to the capability of 
the set-up, each liquid sample was measured at constant crosshead speed of 100 
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mm/min three times, see Figure 4.2. The load forces of the pure SiR and 1 wt% SiR of 
the conventional and electrospun samples had negligible difference. However, when 
the filling level increases, the load forces for the conventional samples are much 
higher than those of the electrospun samples, revealing the higher viscosity of 
conventional samples even at the same filler loading as the electrospun samples. 
 
 
Figure 4.2: The load force vs. different filler loading (blue line represents the electrospun SiR 
samples; red line represents the conventional SiR samples). 
 
The larger filler volume results in a higher viscosity of the composite due to the 
hydrodynamic effects. Also, the presence of agglomerates leads to a significant 
increase in the shear viscosity, strongly affecting the rheological properties of the 
composites [136]. The agglomerates hinder the flowing of the other primary fillers 
and immobilize part of the entrapped fluid. The resultant hydrodynamic forces 
increase the final viscosity [137-138]. The electrospun samples have fewer 
agglomerates, as shown in the SEM images, consequently these samples have the 
lower viscosity as shown in Figure 4.2. The reduced viscosity of the electrospun 
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compound due to the better dispersion makes the processability of the composites is 
easier. 
The relative viscosity of micro aluminum nitride (AIN) filled epoxy samples 
showed the similar results. The epoxy compounds filled with surfactant modified AIN 
fillers have the lower viscosity compared to that of epoxy compounds filled AIN 
without silane treatment at the same filler loading, and filler AIN presented better 
homogeneity after treatment [139]. As suggested in [136], the rheological response 
may be a sensitive tool to examine filler dispersion in a polymer than SEM analysis.  
(c) Increased Filler Addition 
It has been presented in section 3.2 that more filler (nanofillers and microfillers) 
can be added to the base polymers in the electrospun composites. Using of ethanol 
diminishes the viscosity of the polymer blends such that more nanofillers can be 
added at the beginning. In addition, the electrospinning process improves the 
homogeneity of the nanofillers and reduces the viscosity of the compounds so more 
microfiller can be infused. Also, the interaction between the nanofiller and microfiller 
can be improved to form a better network, as shown in Figures 3.22 to 3.27 for the 
EDX-mapping. The increased filler loading just follows the cost-saving requirement 
by industry. 
(d) Possible Filler Alignment 
The SEM images of the silicone rubber composites with 3 and 6 wt% nanosilica 
after 12 hours of corona aging are depicted in Figure 4.3. From the SEM images, the 
convention samples appear to be damaged to a greater extent than the electrospun 
samples. The cracks on the surfaces between the samples in terms of the two mixing 
methods differ. The cracks on the conventional samples crisscross, but the cracks on 
the electrospun samples are mostly paralleled. The pattern of cracks on electrospun 
samples can come from the alignment of nanofillers during electrospinning, and the 
less degradation of electrospun composites by corona discharge is due to the 
improved heat and erosion resistance. 
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The oriented morphology by electrospinning has been studied by different 
research groups. [140] presented that CNTs tend to oriented along the nylon fiber axis 
and embedded in the fiber core due to the high electrostatic forces and high shear 
force experienced by the jet during electrospinning. Dror et al. [141] have suggested a 
theoretical model to explain the alignment of CNTs in the electrospun fibers due to a 
hydrodynamic shear mechanism. In the model, the converging streamlines of a 
sink-like flow (Hamel flow) led to the gradual oriented CNTs in the nanofibers when 
the flow towards the vertex of Taylor cone. Therefore, there is a possibility to 
assembly fillers by electrospinning, but how to precisely control the alignment of 
filler is not clear. 
  
                            (a) 
  
                                 (b)                                  
Figure 4.3: The SEM images of the composite surface after the 12 hours corona aging test at a 12 
kV AC voltage: (a) the surface morphology of the 3 wt% aged SiR nanocomposites, and (b) the 
surface morphology of the 6 wt% aged SiR nanocomposites. The left image shows the 
conventional samples and the right image shows the electrospun samples. 
 
Chapter 4  Discussion 
 
89 
 
Besides above several advantages, if the base polymers can satisfy the viscosity, 
and electrical conductivity requirements or they can be easily modified and 
electrospun, then there is a wide scope of base polymers can use electrospinning to 
embed and disperse nanofillers. If the effective surfactants or chemical additives for 
the surface modification of the targeted fillers are already known then the modified 
nanofillers plus electrospinning technique should help the further improvement of the 
filler dispersion in the materials other than using just mechanical mixing. Moreover, 
as mentioned in Chapter 1 chemical additives sometimes bring side-effects to the final 
composites, and it is quite difficult to remove it after addition. If the surfactant is 
liquid and can be evaporated there is also a possibility of removing the surfactant 
during electrospinning process and reduce the bad effects of additives to the 
composites.  
4.2 Thermal Stability and Thermal Degradation 
The present of fillers in the polymers help absorbing thermal energy and protect 
base polymers from thermal attack, therefore, rising the decomposition temperature of 
composites [142]. TGA test can monitor this thermal improvement. The lower 
degradation slope and higher decomposition temperature in the TGA curves, Figure 
3.5, for the composites, compared with those for the pure silicone rubber, demonstrate 
that the addition of the nanofillers caused an impressive improvement in the thermal 
degradation and thermal stability of the composites. These improvements rise from 
the fact the nanofillers act as a physical barrier, preventing gas diffusion between the 
composite and environment [143]. In Figure 3.5, electrospun samples exhibit lower 
degradation slopes and a little higher decomposition temperature by the position of 
the peaks of the curves at approximately 450 
o
C, than those of conventional samples. 
The slower weight loss and non-severe decomposed behavior at the beginning of the 
decomposition were also found for nanosilica and microsilica electrospun SiR 
composites as illustrated in Figure 3.20. It is concluded that a stronger filler barrier 
should be formed for the electrospun samples than the conventional samples.  
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It is noteworthy that in Figure 3.5, the remaining weight of pure silicone rubber 
after TGA is around 28 %, but the remaining weight of SiR composites after adding 3 
and 6 wt% nanosilica are increased far more than the weight of filler loading addition, 
and this weigh is even more for electrospun samples. The similar results showed in 
Figure 3.18, in which SiR composite with 20 wt% microsilica was supposed to have 
remaining weight around 48 wt% after TGA, but instead it has around 60 % 
remaining weight.  
There is usually a significant concentration of hydroxyl (-OH) groups on the 
surface of the fumed silica due to the formation of silanol functionalities at the time of 
manufacturing and during storage [144]. Nanofillers, whose surface areas are 
significantly larger than that of the microfillers [40] have much more –OH groups on 
their surfaces of nanosilica as compared to microsilica [145]. The higher residue 
weight for the nanosilica-filled silicone rubber is attributed to the silanol group on the 
surface of nanosilica [85]. Therefore, a lower residue weight of nanosilica silicone 
nanocomposite is observed when the fumed silica was calcinated at high temperature. 
The successful dispersion of the nanosilica through the electrospinning technique 
produces a larger interfacial area between the nanosilica and the SiR matrix. 
Therefore, it provides more possibility for the plentiful hydroxyl groups on the surface 
of nanosilica to bond the polymer matrix, which produces a significant interaction 
between filler and polymer matrix and strengthens thermal degradation and thermal 
stability for electrospun composites. 
In order to confirm the effect of silanol group, TGA test was conducted onto the 
aluminum-filled epoxy composites in which the filler and base polymer have no 
reactive groups with each other. The TGA results of the pure epoxy resin, 4 wt% nano 
aluminum (Al) epoxy (CS and ES sample) and 20 wt% micro Al plus 4 wt% Al epoxy 
(CS and ES sample) are illustrated in Figure 4.4.  
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Figure 4.4: The TGA curves for the pure epoxy, epoxy composites with 4 wt% nano Al fillers, 
and epoxy composites with 20 wt% micro and 4 wt% nano aluminum fillers (CS= conventional 
sample, ES=electrospun sample). 
The TGA measurements are conducted in ambient air with the temperature 
increasing from 100 to 800 
o
C at a rate of 25 
o
C/min for the epoxy resin 
composites .The decomposition time is almost the same for all the epoxy samples, but 
slight differences are found between the conventional sample and electrospun sample 
on the TGA slope after passing the T95% decomposition temperature. The samples 
with more fillers decompose more slowly than those with less fillers due to the 
“dilution effect” [146]. Moreover, the electrospun samples demonstrate a relatively 
better thermal degradation than the conventional samples. It is noted that the 
remaining weights of epoxy composites are almost matched with the weights of 
addition filler loading. The thermal degradation of epoxy composites was not 
improved as much as those of SiR composites compared to their unfilled base 
polymers. This may imply that the interaction between silica and silicone rubber is 
stronger than that between silica and epoxy. 
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4.3 Heat Erosion Performance of SiR Composites  
Only nanosilica-filled electrospun SiR composites showed significant 
improvement in heat erosion resistance in the laser ablation test. Compare to 
conventional SiR composites with the same filler loading level, electrospun 
composites showed around 15-40 % improvement in the eroded mass. It is attributed 
to the improved dispersion of the nanofillers in the materials by electrospinning.  
For the electrospun nano and micro silica-filled samples, the eroded mass is 
linearly reduced at a relatively low filler loading (up to a 30 wt% microfillers). The 
rate of the reduction in the eroded mass becomes slow and flat at a relatively high 
filler loading, as indicated by the dotted line in Figure 3.11. This result reveals that the 
optimum erosion resistance of the SiR composites depends on the optimum 
combination of the microfiller and nanofiller loading as well. Also, it is unnecessary 
to increase the complicate of the mixing by adding increased amounts of filler to 
achieve a very limited improvement. Therefore, from a processing point of view, 
optimum formula makes the preparation of the samples much simpler. However, for 
all the formulas of the conventional samples, the rate of change in the eroded mass 
does not demonstrate as obvious trend as that for the electrospun samples, particularly 
for the sample filled with a 5 wt% nanosilica and a 30 wt% microsilica. The eroded 
mass of this sample is not only greater than that of an electrospun sample with the 
same filler loading but also slightly more than that of a conventional sample filled 
with a 5wt% nanosilica and 25 wt% microsilica. In addition, the variations in the 
trend of the eroded mass for the conventional samples arise from the poor dispersion 
of the nanosilica. 
Based on the results in Figures 3.11, and 3.13, and 3.15, it is concluded that for 
the SiR composites which are filled with nanofillers and microfillers, the 
improvement in the heat erosion resistance is not always proportional to the filler 
loading, (whether the filler is a nanofiller or a microfiller). According to the 
experiments, if the 20 wt% microsilica is kept constant, the erosion behaviour of the SiR 
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composite does not greatly boost the rate of improvement, once the nanofiller loading 
exceeds 5 wt% but the erosion resistance is indeed improved with the addition of a 
small amount of nanofillers. Based on the SEM images, it can be seen that, especially for 
nanofillers, when the filler loading is excessive, large agglomerations easily form, which 
can result in an increased number of unfilled spots in the base polymers. Therefore, the 
erosion resistance is actually weakened in some manner. This inference is supported by the 
non-identical surface pattern of the conventional IPT samples in Figure 3.15.  
Higher filler loading leads to better erosion resistance of SiR samples. Even with 
electrospinning, which can disperse nanofillers much more effectively than a conventional 
mechanical mixer, excessive filler loading is very difficult due to the limited unfilled 
polymer areas that can be eroded. This limitation may explain why the slope of the eroded 
mass becomes flat and slow with increased filler loadings. An additional observation is 
that excessive filler loading reduces the flexibility of the polymers. The best formula, 
which is a combination of nanofiller and microfiller, should be determined through 
consideration of an appropriate balance of composite processing, cost-saving, and the 
margin for further improvement in the properties of the materials.  
For silica-filled epoxy composites (nano or nano-micro-filled samples), the 
eroded mass of electrospun samples was less than those of conventional samples but 
not significant, probably the interaction between silica and epoxy matrix is not as 
strong as that between silica and silicone rubber. In the industry, ATH is the common 
filler that is selected to enhance epoxy resin. TGA results in Figure 4.3 somehow 
explain that if there is no interaction or weak interaction between filler and matrix, the 
thermal degradation of composites is mainly improved due to the increased filler 
loading. Therefore, filler dispersion can influence the erosion resistance more if there 
is interaction between filler and polymer matrix. It did not show improvement for 
silica-filled composites in the IPT test compared to unfilled epoxy for the filler 
loading less than 40 wt% due to the low LOI value of epoxy.  
The mechanisms of electrospinning for nanofiller dispersion and the effect of 
dispersion on the improved thermal properties are discussed next. 
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4.4 Mechanisms of Improved Thermal Performance of 
Electrospun SiR Composites   
First, the addition of inorganic fillers reduces the base polymer portion in the 
compound, improving the anti-oxidation and thermal degradation. Like a heat sink, 
silica has a specific heat capacity of 700 J/ kg.K, which is high enough to enhance the 
thermal stability and thermal degradation of the corresponding composites [143]. As 
mentioned in the section 3.5, electrospinning allows more fillers to be added into the 
base polymer due to the enhanced processability, resulting from the well dispersed 
nanofillers. The combination of nanofillers and microfillers not only takes the 
advantage of the nanofillers but also satisfies the critical loading requirement for the 
improvement of the LOI value of polymers. Uniform filler dispersion in the 
electrospun samples act as a stable and continuous physical shielding for the 
underlying materials, and protect the underlying base polymer against further 
decomposition. Better filler dispersion also helps reducing and balancing the local 
heating when there is not enough fillers in the composites as shown in the thermal 
profile measurements of Figure 3.6 and simulation results of Figure 3.8 and Figure 3.9. 
When the percolation threshold of fillers is reached through the combination of 
micron and nano fillers, good filler dispersion and interaction lead to the formation of 
better thermal conductive networks in the electrospun samples. It also results in a 
higher thermal conductivity than that of conventional sample at the same filler loading 
as mentioned in section 3.2.2. 
The improvement in the heat and erosion resistance and thermal degradation for 
electrospun samples are also due to the enhanced interaction between the filler and 
polymer matrix. The interactions between the silica and the SiR are principally due to 
the hydrogen bonding, and more hydroxyl group (-OH) on surface of nanosilica can 
be exposed when filler agglomerates are reduced by electrospinning. Stronger 
interaction occurs between hydroxyl group on the nanofiller surface and the siloxane 
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chain (-Si-O-Si-) of SiR polymer matrix, and further enhances the thermal 
performances of the final composites [85].  
After decomposition, inorganic fillers and oxide residues form a solid layer on 
the top of the eroded areas during the IPT and laser ablation test. The residues of pure 
SiR, and nanosilica-filled conventional and electrospun SiR composites after TGA 
test were examined by EDX elemental analysis. The results for the analysis of 
residues are shown in Figure 4.5. 
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(c) 
Figure 4.5: The SEM and EDX analysis for the TGA test residues, and each sample was analyzed 
from a randomly selected small area and a big area (a) pure silicone rubber residues, (b) 
conventional nanosilica-filled SiR residues, and (c) electrospun nanosilica-filled SiR residues 
It is assumed that after decomposition in the air, the residues will be only silica 
filler and oxides of SiR matrix. Although there is a difference in the filler dispersion , 
it is hard to see the detail of nanofiller morphology in the residues. The residues are 
all look like solid crusts except there is one area in conventional SiR nanocomposite 
(the selected small area in Figure 4.5 (b)), the residues look like a cluster of fillers. 
This filler clusters should be the result of the poor dispersion. EDX elemental analysis 
confirmed that there are only four different principal elements; Si (silicon), O 
(oxygen), C (carbon) and Au (gold) are detected. The carbon (C) can be from the 
carbon tape that used for SEM or carbonaceous residues of silicone rubber , and the 
gold (Au) is the required coating to overcome charging of samples during SEM. It is 
notable that the ratio of element Si to O in pure silicone rubber is 65.88 % : 33.59 % 
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and 53.53 % : 25.49 %, which is just around 1:2. Therefore, the residue of pure 
silicone rubber should be SiO2 only. The ratio of Si to O in conventional SiR 
composite is 65.99 % : 33.5 % and 54.55 % : 23.66 %. The ration in the big area is 
around 1:2 but the ratio in the selected small area is slightly higher than 1:2. For 
electrospun SiR nanocomposite, the ratio of Si to O is 67.21 % : 26.11 % and 
40.24 % : 13.99 % which is around 1:3. The increased oxygen level is probably due to 
the large amount of (–OH) groups on the surface of nanosilica which were exposed 
after electrospinning. The sufficient oxygen and the heat during TGA may produce 
amorphous SiO2 with (-OH) groups (SiO2.xH2O) under 900 
o
C [147]. The well 
dispersed nanosilica and the enhanced bonding between nanosilica and polymer 
matrix can also lead to the modification of the thermal degradation pathways in the 
composites. Therefore, more stable carbonaceous residues can remain even at high 
temperature. The atomic % of carbon element for electrospun sample is around 45 %, 
but for conventional and pure sample are around 21 % and 22 %, respectively. 
Therefore, this assumption is confirmed by the high carbon element concentration in 
the EDX analysis for electrospun sample. The higher carbonaceous residues can be 
also the reason that electrospun SiR composites always have a higher remaining 
weight in the TGA tests even at the same filler loading compared to the conventional 
SiR composites. 
More residues mean that electrospun composites can have a thicker layer of crust 
after erosion. This layer not only acts as a more effective thermal insulation layer to 
prevent the further erosion or decomposition of underneath materials, but also act as a 
barrier against the migration of the volatile thermal degradation products to the 
surface [148]. 
The using of electrospinning technique enhanced the properties of SiR 
composites is because of the increased filler loading and enhanced filler-matrix 
interaction. Ultimately, these benefits are attributed to the better dispersion of fillers 
in the electrospun SiR composites. 
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4.5 Possible Mechanisms of Electrospinning for 
Nanofiller Dispersion 
During electrospinning, both the polymer and the nanosilica fillers embedded in 
it are charged, when the mixture is expelled from the metallic needle that is energized 
with a high DC voltage. The electrostatic forces and some other forces such as surface 
tension force, gravity, extrude the compound from the metallic needle form thin 
nanofibres. These forces may also act on the fillers but it is hard to specify which 
force dominantly contributes to the filler dispersion. Following forces may all help for 
the improved dispersion:  
Over the extrusion process, a very strong shear force develops during the high 
elongation of silicone rubber fibres [140]. This large shear force is believed to be 
responsible for breaking up the nanofiller agglomerations.  
The interaction of the electrical charges with the external electric field causes the 
repulsion of the charged nanofillers and prevents coalescing of fillers is another 
possible reason for the filler separation.  
The permittivity of filled fillers can also have effects to the filler dispersion. 
Figures 4.6 and 4.7 show both the dispersion morphology of nanosilica (12 nm) and 
nano titanium dioxide (40 nm) in the electrospun epoxy samples. The distribution of 
nano titanium dioxide is more homogenous than that of nanosilica in the epoxy matrix. 
The permittivity of nanosilica is around 3.7, and permittivity of titanium dioxide is 
greater than 83. It is obvious that there is a big difference in dielectric constant for 
these two nanofillers. The nano titanium dioxide particle with higher permittivity will 
be polarized easier than that of the lower permittivity nanosilica, which may somehow 
help the separation of titanium dioxide fillers. 
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                             (a) 
 
                                (b) 
Figure 4.6: The SEM images of nano silica and nano titanium dioxide filled epoxy composites. (a) 
nanosilica-filled epoxy, and (b) nano titanium dioxide-filled epoxy. 
 
 
(a) 
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(b) 
Figure 4.7: EDX-mapping of of nano silica and nano titanium dioxide filled epoxy composites. (a)  
nanosilica-filled epoxy, and (b) nano titanium dioxide-filled epoxy. 
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Chapter5  
Conclusions and Suggestions for Future 
Work  
5.1 Conclusions                                                
Polymeric materials with several outstanding properties such as light weight, 
excellent flexibility, and good surface characteristics are replacing conventional 
insulation materials such as porcelain and glass materials in a wide range of high 
voltage insulation applications. However, polymeric materials are usually poor 
thermal conductors and weak mechanical structures, such that they are prone to fail in 
terms of electrical tracking and erosion due to the synergism of pollution, moisture, 
and voltage. To improve the performances of polymeric materials, inorganic fillers are 
commonly added to base polymers to enhance the desired properties of polymers, and 
reduce the total cost. Microfillers are extensively used in both research and industry to 
modify the physical properties of polymers. Conventional polymer composite 
materials with particular properties can meet the special requirements of electrical 
applications in the past. However, the incessant compaction of electrical power 
equipment continues to necessitate new requirements to electrical insulating materials. 
Consequently, nanofillers, compelled to microfillers, are capable of providing similar 
or even better properties at considerably lower volume fraction due to the large 
surface area of nanofillers.  
The primary problem of using nanofillers is that they easily agglomerate because 
of their high surface energy. Conventional mechanical mixing cannot effectively 
break apart the filler clusters, and existing chemical nanofiller dispersion methods are 
very complicated. The effective and consistent physical properties of a composite is a 
function of the physical properties of the constituents, the filler loading, the filler 
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shape and size, and the filler dispersion, as well as the interfacial properties of the 
fillers and matrices. Filler dispersion is a critical factor that cannot be ignored in the 
development of nanocomposites. Due to the limitations of existing mixing methods, 
an alternative simple mixing method is necessary.  
In this thesis, an electrospinning technique has been proposed as an efficient 
alternative method for nanofiller dispersion. Further reinforcement of pure polymeric 
materials is successfully achieved with nanofillers and the combination of micro and 
nano fillers by electrospinning. The scanning electron microscopy images and energy 
dispersive X-ray analysis confirmed that electrospun nanocomposites have an 
enhanced filler dispersion and filler interaction than conventional nanocomposites 
prepared by mechanical mixing. The electrospinning technique also presented the 
potential to separate various nanofillers in various base polymers such as nanosilica 
(SiO2), nano titanium oxide (TiO2) in silicone rubber (SiR) and epoxy resin. Moreover, 
more nanofillers and even microfillers were pushed into base polymers by the 
electrospinning technique due to the better dispersion of nanofillers. 
During electrospinning, both the polymer and its nanosilica fillers are charged 
when the mixture is expelled from a metallic needle energized by a high DC voltage. 
During the extrusion process, a very strong shear force develops on the silicone 
rubber fibres, and is believed to mitigate the nanofiller agglomerations. In addition, 
the interaction of the electrical charges with the external electric field causes the 
repulsion of the charged nanofillers, which is an additional explanation for the 
separation of the nanofillers’ agglomerates.  
The thermal degradation of composites is enhanced since the addition of 
inorganic fillers reduces the base polymer portion in the compound, improving the 
anti-oxidation and thermal degradation. Electrospinning has significantly improved 
the thermal degradation and heat erosion resistance for nanosilica-filled and micron 
plus nanosilica-filled silicone rubber (SiR) composites without deteriorating the other 
properties. The static contact angle, tensile strength, hardness, or permittivity is 
slightly improved or remains unchanged compared to those of conventional SiR 
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composites. Also, the electrospun SiR composites reflect thermal and economic 
advantages. Thermo-gravimetric analysis (TGA), an infrared laser-based heat ablation 
test, and ASTM standard inclined plate test are used to evaluate the enhanced thermal 
performances of the SiR composites. There is no significant global thermal 
conductivity improvement at the selected filler loading for both electrospun and 
conventional nanosilica filled SiR composites, using only nanofillers.  This is 
probably due to the low filler concentration which does not reach the filler percolation 
threshold. But there is local temperature reduction based on the thermal profile 
measurement and the simplified thermal simulations showing nanofilled samples 
yielded a lower and more uniform temperature distribution if the nanofillers were 
evenly separated. The combination of the microfillers and the nanofillers not only 
takes advantage of the nanofillers but also can satisfy the high filler loading 
requirement for the improvement of the LOI of polymers. In addition, the global 
thermal conductivity was improved when more fillers were added. Electrospun 
sample showed a thermal conductivity of 0.5 W/ m·K as compared to conventional 
sample of 0.31 W/ m·K at a filler loading of 20 wt% microsilica plus 5 wt% 
nanosilica. The significant thermal conductivity improvement of electrospun sample 
is contributed to the improved filler-to-filler interaction which leads to the improved 
thermal conductive pathways for the heat transfer. 
Both fillers and oxide residues due to the decomposition of the polymers, act as a 
physical heat barrier protecting the underlying base polymer against further 
decomposition. The uniform distributed filler by electrospinning provide a more 
uniform and continuous physical shielding to the underlying materials. The 
interactions between silica and SiR impact through hydrogen bonding when the 
nanofiller are well dispersed, more interaction occurs between the filler and polymer 
matrix which further enhance the thermal performances of the final composites. This 
observation is also confirmed by the TGA and EDX analysis and thermal performance 
tests. 
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In summary, electrospinning, as a new alternative mixing method, effectively 
improves the nanofiller dispersion in at least two different polymeric materials. Also, 
more fillers can be added. The heat and erosion resistance of electrospun SiR 
nanocomposites improves significantly, but the optimal results come from the micro 
and nano-filled SiR composites, satisfying the ASTM standard requirements and 
reducing the cost as well.  
5.2 Suggestions for Future Work  
Based on the research work of the thesis, nanofiller dispersion is the governing 
parameter for enhancing composite’s properties. SEM images, EDX-mapping and 
rheological property of compound are used to evaluate the dispersion level of 
nanofillers in the base polymers. However, a computational methodology is desired to 
combine with the previous methods to precisely quantify the degree of dispersion of 
nanofillers.  
The production of the single needle electrospinning setup is not very efficient. 
For commercial applications, an extension of this research should include alternative 
electrospinning configurations to speed up nanofiller dispersion in polymers.  
In this thesis, two polymeric materials are successfully electrospun and only 
nanosilica is primarily studied. More dielectrics and nanofillers should be investigated 
to understand how to control the electrospinning technique in the nanofiller dispersion. 
Besides the heat erosion resistance and thermal degradation, many other properties 
should be further reinforced if necessary.  
The thesis focuses on the heat erosion resistance, but other interesting results 
should be further investigated, including the surface patterns of SiR composites under 
corona aging, and the distribution patterns of different permittivity nanofillers in 
electrospun composites. These extensions might facilitate a better understanding of 
the mechanism of electrospinning for nanofiller dispersion and define the application 
range of this mixing method. 
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Improved thermal modelling should allow for a temperature prediction or 
develop a modeling of nanocomposite interactions on a molecular level to help better 
understanding the basic interactions and predict the possible properties of 
nanocomposites. 
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Appendix A 
Table A 1: Characteristics of Some Commonly Used Nanofillers in the Literature. 
 
 
Filler 
Commercial 
available 
Nanofiller Size 
(nm) 
 
Shape 
 
Permittivity 
 
Thermal 
Conductivity 
(W/mK) 
 
Features 
Expected property 
improvements 
in the Composites 
 
Silica 
(SiO2) 
Natural 
Nanosilica:  10 
 
 
Sphere 
 
 
3.7-5.4 
 
1.5-1.6 
Good abrasion resistance, 
electrical insulation and 
high thermal stability 
Heat resistance, partial 
discharge & corona, 
electrical field grading Fumed 
Nanosilica: 5-50 
 
3 
Barium 
Titanate 
(BaTiO3) 
 
25-110 
 
 
Sphere 
 
 
1250-10000 
 
 
6.2 
 
High relative permittivity 
Dielectric properties, 
electrical field grading, 
storage capacity 
Titanium 
Dioxide 
(TiO2) 
 
5-250 
 
 
Sphere 
 
 
83-173 
 
 
1.8-11.7 
 
High relative permittivity 
Dielectric properties, 
electrical field grading, 
Storage capacity 
 
Aluminum 
(Al) 
 
10-100 
 
 
Sphere 
 
 
-- 
 
237-250 
Good corrosion 
resistance, 
high relative permittivity, 
high thermal conductivity 
 
Dielectric properties, 
thermal properties 
 
 
Boron 
Nitride 
(BN) 
Diameter × 
Length: 
40-50nm × 
0.5 μm 
 
Tube 
 
 
 
4.1 
 
 
 
29-33 
Super hard, superior 
thermal and chemical 
stability ,high electric 
breakdown strength, low 
relative permittivity, high 
thermal conductivity 
Thermal conductivity, 
thermal stability, 
hardness 
10-100  
Sphere 
Aluminum 
oxide/ 
Alumina 
(Al2O3) 
 
40nm-254nm 
  
 
 
 
Sphere 
 
 
9.3-11.5 
 
 
30 
 High thermal 
conductivity  
resistance to weathering 
Thermal properties 
Carbon 
Nanotubes 
(CNTs) 
Diameter × 
Length: 
1.1-50nm × 
0.5-100 μm 
 
 
Tube 
 
 
13.2-14.7 
 
 
1800 - 6000 
Strong tensile strength 
and hardness, flexibility 
and best heat-conducting 
material 
Thermal and electric 
conductivity, 
reinforcement of 
polymers 
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Table A2: Characteristics of Some Commonly Used Dielectric Materials. 
 
Base Polymer 
 
Classification 
 
Permittivity 
(Room 
Temperature ) 
 
Thermal 
Conductivity 
(W/mK) 
 
Characteristics 
 
 
Silicone rubber 
(SiR) 
 
 
Elastomers 
 
 
2.7-3.1 
 
 
 
0.17-0.26 
Good dielectric properties, 
maintaining their properties 
in a very wide temperature 
range, excellent resistance 
to ozone and corona 
discharge, good chemical 
and oil resistance 
 
Epoxy resin 
(ER) 
 
Thermoset 
 
3.5-3.9 
 
0.17-0.21 
Good chemical and heat 
resistance, excellent 
mechanical properties, very 
good electrical insulating 
properties 
 
Poly(methyl 
methacrylate ) 
(PMMA) 
 
Thermoplastic 
 
 
3-3.5 
 
 
 
0.18-0.2 
 
Good impact strength, good 
environmental stability ,high 
coefficient of thermal 
expansion, good 
dimensional stability 
 
Polypropylene 
(PP) 
 
Thermoplastic 
 
2.2-2.28 
 
 
0.12 -0.22 
High stiffness, good 
resistance to fatigue, good 
tensile strength 
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Appendix B 
The dispersed composites are considered to be the stacking of many 3D cubes with 
spheres in the centre to represent the filler, based on the model, suggested by Karayacoubian 
et al. [131], and Araki et al. [132] , as shown in Figure B.1.  
 
Figure B.1: The 3D cell model of the dispersed composites [131]. 
 
To analyze the effect of the filler size and filler dispersion on the local temperature 
distribution of the composites, a simple thermal model is employed under stationary condition. 
The simulated filler size is 5 μm and 500 nm in diameter, respectively, to reduce the 
calculation time by the computer. For the 5 μm SiO2 (density 2.65 g/cm
3
) filler, assuming it is 
spherical the volume is 65.45 μm3. For 30 wt% (16.3 % by volume fraction) of 
microsilica-filled composite, each square cell’s side is 7.4 μm, as show in Figure 2.10 (a). For 
the 500 nm SiO2 (density 2.2 g/cm
3
) filler, each filler sphere has a volume of 0.06545 μm3, 5 
wt% (2.79 % by volume fraction) of nanosilica-filled composite, and each square cell has 1.3 
μm sides. Therefore, the volume of 6x6x6 cubic cells of nanosilica that stacked together is 
approximately equal to that volume of one square cell of microsilica. The 2D cross-sections 
of the two models which are obtained from the middle of the 3D models are as shown in 
Figure B.2 (b). In order to save the computational time, those simple 2D models are used just 
for a comparison purpose. 
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(a)                              (b) 
Figure B.2: The simple 2D model of the dispersed composites: (a) the middle cross-section one cubic cell 
of the microsilica filler, and (b) the middle cross-section of 6 × 6 × 6 cubic cells of the nanosilica filler in 
the same volume size as in (a).  
If the filler and polymer matrix are isotropic, the boundaries, parallel to the “Y” axis, are 
thermally insulated, and the other two boundaries are isothermal. Heat travels from the top to 
the bottom. The boundary conditions can be set easily in the heat transfer module of 
COMSOL. Figure B.3 shows the temperature distribution in the unfilled SiR square cell, 30 
wt% microsilica-filled square cell and 5 wt% nanosilica-filled square cell. All of the squares 
have the same size in terms of the size of 30 wt% microsilica-filled cell. As shown in Figure 
B.3 (b) and (c), the temperature is more uniform when the filler size is small and distributed 
evenly. 
 
            (a)                        (b)                          (c)                                                                                                                                                        
Figure B.3: The temperature distribution in the 2D square cell (a) unfilled SiR cell, (b) 30 wt% 
microsilica-filled SiR cell , and (c) 5 wt% nanosilica-filled SiR cell. 
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Above different square cells of dispersed composites are stacked separately to construct 
a 50 × 100 μm 2D sample. The boundaries that parallel to the “Y” axis are thermally insulated, 
and the other two boundaries are open boundaries. A point heat source was used to simulate 
the laser source and applied in the same position for all models.  
A contact power 2 W is applied to the model to simulate as a laser power and COMSOL 
can calculate the heat flux that passes through the defined area. The temperature on the 
surface is found by calculating:                              
                             k T) Q A                    (B.1)   
where   is the material density, Cp is the heat capacity, k is the thermal conductivity, and 
Q is the heat source, A is the heat area. The equation is solved by using the FEM technique 
with COMSOL software. The results were shown in Figure 3.8 and Figure 3.9. 
 
 
 
 
